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INTRODUCTION 


This  report  presents  a method  for  placing  fresh  concrete  in  situ  at 
ocean  depths  as  great  as  20,000  ft.  The  method  integrates  existing 
hardware  systems  that  are  used  daily  by  the  concrete  construction  industry 
and  offshore  oil  industry.  The  concrete  materials  are  handled,  mixed 
and  conveyed  on  a surface  vessel  using  conventional  equipment.  A drill 
pipe  suspended  from  the  surface  vessel  is  used  to  transport  the  concrete 
to  the  seafloor.  The  pipe  is  handled,  positioned  and  stabilized  using 
techniques  employed  on  drill  ships.  The  concrete  flows  down  the  pipe 
under  the  force  of  gravity  while  the  descent  rate  is  controlled  by 
friction.  No  valves  or  constrictions  are  used  in  the  pipeline  for  flow 
control  as  these  techniques  may  cause  blockage  in  the  line.  By  properly 
selecting  the  diameter  of  the  pipe  for  particular  concrete  mixes  and  by 
assuring  that  the  pipeline  remains  full  at  all  times,  it  appears  that 
concrete  can  be  placed  reliably  at  deep  ocean  depths. 

The  proposed  method  would  greatly  extend  the  state-of-the-art 
capability  to  place  concrete  in  the  deep  ocean.  Presently  available 
methods  provide  the  following  capabilities:  concrete  can  be  placed  on 
the  seafloor  or  in  open  forms  in  water  depths  to  about  400  feet;  grouts, 
which  are  cement  slurries  or  coment-sand  slurries,  can  be  placed  underwater 
in  open  forms  to  similar  depths;  also  grouts  can  be  placed  underwater  at 
much  greater  depths,  thousands  of  feet,  but  only  if  placed  in  confined 
spaces  where  the  flow  can  be  controlled  by  back  pressure,  as  in  an  oilwell. 
In  general,  for  most  structural  applications  concrete  is  superior  to 
grout  and  costs  less.  Concrete,  which  contains  larger  aggregates  than 
grout,  has  better  structural  properties,  is  heavier  and  in  some  cases 
can  be  placed  without  forms  which  would  result  in  major  cost  savings. 

A modest  development  effort  is  required  to  validate  certain  engi- 
neering assumptions  in  the  proposed  concrete  placement  method.  One 
basic  assumption  is  that  a proper  mix  design  can  be  obtained  such  that 
the  concrete  will  have  the  proper  friction  head  loss  properties  while  in 
the  pipeline  and  coherent  mounding  behavior  when  discharged  from  the 
pipeline.  Another  assumption  is  that  friction  values  for  a given  mix 
design  can  be  determined  by  laboratory  tests  prior  to  an  operation  so 
that  the  pipe  can  be  sized  properly.  These  and  other  assumptions  will 
be  discussed  in  more  detail.  Validation  of  these  items  is  considered  to 
be  a low  risk  research  effort. 

Advancing  the  technology  to  place  concrete  on  the  seafloor  will 
considerably  expand  the  Navy's  capabilities  to  perform  ocean  engineering 
tasks.  Several  potential  applications  and  the  benefits  of  this  new 
capability  are  discussed  in  the  next  section. 
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APPLICATIONS 


Potential  applications  for  placing  concrete  in  the  deep  ocean  are 
basically  in  three  areas:  in  situ  construction  of  anchors  and  foundations 
for  fixed  ocean  facilities,  in  situ  hardening  of  structures  or  objects 
on  the  seafloor,  and  contaiiunent  of  hazardous  or  polluting  substances 
for  environmental  protection.  Such  applications  would  require  portland 
cement  concrete  to  be  placed  underwater  in  quantities  of  hundreds  and 
thousands  of  cubic  yards  in  water  depths  as  great  as  20,000  feet. 

The  capability  to  construct  and  install  very  large  anchors  and 
large  seafloor  foundations  and  structures  in  deep  water  has  been  identi- 
fied as  a near  and  mitl-range  requirement  in  a recent  study  of  capabili- 
ties needed  by  the  Navy  for  fixeil  ocean  facilities  (Ref  1).  A military 
task  which  requires  this  technology  can  arise  quickly.  Conversely,  if 
the  technology  is  available  and  known  to  planners  and  designers,  they 
may  conceive  an»l  implement  tasks  which  otherwise  they  may  dismiss  as  too 
advanced . 

The  hardening  and  containment  appl icat ions  also  may  arise  at  any 
time.  Thus,  there  is  a neeil  to  be  ready  with  the  appropriate  methods 
and  means  to  minimi/e  the  consequences  or  problems  that  could  develop. 

The  capability  ol  concrete  placement  is  a "tool"  which  should  be  available. 

In  Situ  Seafloor  Construction 

Future  requ i reroc*nt s have  been  identitieil  tor  massive  deep  ocean 
anchors  with  holding  capacities  on  the  or<ler  of  2 to  20  million  pounds 
for  fixed  ocean  facilities  (Ref  1 and  2).  The  most  practical  way  to 
provide  such  large  holding  capacities  in  most  deep  ocean  seafloors  is  to 
use  very  large  deadweight  anchors.  In  certain  hard  seafloors,  the  large 
anchor  forces  may  be  best  provided  by  clusters  of  piles  drilled  into  the 
bottom  and  connected  together  with  large  pile  caps  (Ref  2). 

A 20  million-lb  capacity  deadweight  concrete  anchor  would  have  a 
submerged  weight  of  about  40  million  pounds  and  thus  be  about  160  ft  in 
diameter  by  20  ft  thick.  This  is  comparable  to  the  quantity  of  concrete 
in  a large  building  mat  foundation  or  a bridge  pier  but  is  small  compared 
to  a concrete  offshore  oil  platform  or  a deadweight  anchorage  for  a 
suspension  bridge  cable. 

Methods  do  not  presently  exist  for  the  deployment  of  the  large 
deadweight  anchors  since  the  loads  are  beyond  the  capacity  of  existing 
heavy  lift  equipment.  A number  of  drill  ships  exist  that  can  lift  about 
one  million  pounds  in  deep  water.  A few  crane  barges  are  available 
rated  at  six  million  pounds  for  surface  or  shallow  water  lifts.  One 
ship  in  the  world,  the  Glomar  Explorer,  has  had  the  capability  to  lift  a 
design  load  of  about  eight  million  pounds  from  a depth  of  17,000  ft,  but 
is  currently  being  converted  to  an  ocean  mining  ship.  Two  or  three 
other  recently  developed  mining  ships  have  deep  water  lift  capacities 
greater  than  the  drill  ships'  but  less  than  the  Glomar  Explorer's. 
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Outfitting  the  barges  or  mining  ships  or  re-outfitting  the  Explorer  for 
multi-million  pound  anchor  deployment  would  be  very  expensive,  as  dis- 
cussed in  the  cost  estimate  section  below. 

A method  has  been  proposed  for  free-fall  emplacement  of  large 
deadweight  anchors  in  deep  water  where  seafloor  site  conditions  are 
favorable.  This  method  is  designed  for  applications  in  which  precise 
positioning  is  not  critical,  such  as  a single  point  deep  ocean  mooring 
but  is  not  appropriate  for  those  cases  where  more  precise  positioning  is 
important,  for  example,  placing  an  object  at  a predetermined  seafloor 
position  or  placing  objects  in  close  proximity  to  each  other.  Free- 
falling  is  not  an  appropriate  emplacement  technique  for  all  sites  at 
which  very  large  deadweight  anchors  would  be  used  but  only  for  those 
sites  with  a soft  seafloor  at  a fairly  flat  slope  (Ref  2). 

An  alternative  to  lowering  or  free-falling  a massive  anchor  is  to 
combine  pre-fabrication  and  in  situ  methods  as  commonly  practiced  for 
steel  and  concrete  construction.  A shell  would  be  free-fallen  or  lowered 
to  the  seafloor  using  existing  lift  capability  and  then  filled  with  a 
heavy  material  emplaced  from  the  surface  platform  (Figure  1).  Concrete 
is  a prime  candidate  for  the  heavy  material.  Concrete  normally  weighs 
about  150  Ib/cu  ft;  suitable  mixes  can  readily  be  produced  in  weights  up 
to  about  200  Ib/cu  ft  by  using  iron  ore  aggregates.  This  compares  with 
high  density  oilwell  slurries  which  weigh  up  to  about  135  Ib/cu  ft  when 
weighted  with  barite  and  to  160  Ib/cu  ft  with  magnetite.  The  shell, 
made  of  concrete  or  other  materials,  would  be  100  feet  or  more  in  diameter. 
The  mooring  connection  and  other  hardware  would  be  built  into  the  shell 
as  needed. 

Hardening 

If  an  object  of  strategic  significance  is  lost  on  the  seafloor,  a 
decision  to  salvage  the  object  could  be  expensive,  particularly  if  the 
object  is  lost  in  deep  water  and  is  very  large,  such  as  a ship  or  subma- 
rine that  is  too  heavy  to  lift  in  toto.  A recovery  operation  comparable 
to  the  Glomar  Explorer's  retrieval  of  a portion  of  a 2,800-ton  submarine 
from  17,000  ft  would  cost  perhaps  on  the  order  of  $100  million.  This  is 
below  the  reported  $400  million  cost  of  the  original  Glomar  Explorer 
expedition  because  the  vessel  and  the  technology  now  exist. 

Concrete  placement  makes  another  option  available  for  consideration. 
Rather  than  salvaging  the  object  it  is  encapsulated  in  place  on  the 
seafloor  by  covering  it  with  concrete  (Figure  2).  The  purpose  is  to 
sequester  the  object  in  such  a way  as  to  deny  observation,  access  or 
removal  of  portions  of  it  by  others.  The  operational  cost  for  encasing 
a ship-sized  object  is  estimated  to  be  about  $2  million.  A cost  break- 
down is  shown  in  a following  section.  This  is  a substantial  savings 
compared  to  a recovery  operation. 

For  smaller-sized  objects  such  as  an  airplane  or  weapon  system,  in 
situ  hardening  may  also  have  application  in  those  cases  where  concrete 
encasement  is  faster  and  costs  less  than  recovery.  The  retrieval  of  the 
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15-ton  F-14  TOMCAT  from  1,900-ft  water  depth  100  miles  off  Scotland  in 
1976  reportedly  required  about  two  months,  involved  seven  vessels  and 
cost  about  $2  million  (Ref  3). 

Another  potential  application  of  hardening  is  the  stabilization  of 
ocean  cables  and  pipelines  on  firm  seafloors  in  deep  water.  The  purpose 
is  to  prevent  accidental  damage  which  is  caused  mostly  by  trawlers  and, 
importantly,  to  preclude  purposeful  damage.  At  the  present  time,  cables 
and  pipes  are  protected  by  burial  in  those  seabottoms  soft  enough  to  be 
trenched.  In  bottoms  not  suitable  for  trenching  other  protective  methods 
are  needed.  In  some  cases,  pre-cast  concrete  covers  have  been  placed 
over  seafloor  cables  to  stabilize  them  on  a firm  bottom  (Ref  4).  A 
study  is  currently  underway  in  Norway  on  in  situ  concreting  of  underwater 
pipelines  (Ref  5) . 

Containment  of  Hazardous  Substances 

Another  potential  application  of  placing  concrete  on  the  seafloor 
is  to  cover  or  contain  hazardous  substances  for  the  purpose  of  isolating 
them  from  the  environment.  Again,  this  is  an  alternative  to  recovery. 

A hazardous  material  incident  could  involve  radioactive  materials  from  a 
nuclear  power  source  or  weapon  system.  Another  example  is  containment 
of  hazardous  materials  dumped  in  the  ocean  in  the  past  and  presenting  a 
potential  problem  in  the  present.  Biochemical  agents  have  been  dumped 
off  the  U.S.  East  Coast  and  radioactive  wastes  from  earlier  military  and 
civilian  developments  have  been  placed  on  the  seafloor  in  the  Pacific 
Ocean  near  San  Francisco  and  the  Atlantic  Ocean  off  Maryland.  Leakage 
problems  if  they  arose  could  be  resolved  in  many  instances  by  encasement 
in  concrete. 


BACKGROUND 
Prior  Work 

The  Civil  Engineering  Laboratory  conducted  a literature  survey  in 
1966  on  state-of-the-art  methods  of  subaqueous  concrete  placement.  The 
report  concluded  that,  for  general  use,  the  most  practical  methods  to 
consider  for  adaptation  to  placing  concrete  in  forms  in  the  deep  ocean 
were  the  pumping  method  and  the  preplaced  aggregate  method;  bucket 
placement  would  be  practical  for  small  quantities.  Also  a concept  was 
proposed  adapting  an  existing  cargo-type  submarine  for  use  as  an  under- 
water concreting  plant.  The  submarine  has  the  advantage  of  avoiding  the 
air/sea  interface  motion  problems  and  could  be  used  covertly.  It  would 
be  limited  by  size  and  strength  of  the  pressure  hull  to  placing  small 
quantities  of  concrete  at  depths  less  than  about  1,000  feet,  unless  an 
expensive  special  hull  were  built  (Ref  6). 
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In  1971  Santa  Fe-Pomeroy  performed  a study  for  the  Civil  Engineering 
Laboratory  of  construction  methods  for  large  undersea  structures.  The 
emphasis  was  on  documenting  the  then  existing  capability  of  the  construc- 
tion industry  to  fabricate  large  concrete  spheres  and  cylinders  and  to 
emplace  them  on  the  ocean  floor.  Potential  technology  for  extending 
construction  capability  to  3,000  ft  depths  was  also  considered  including 
in  situ  construction  methods  in  which  concrete  is  mixed  on  a surface 
vessel  and  transported  to  the  seafloor  by  bucket  and  pipeline  methods. 

For  the  complex  type  of  structures  studied  prefabrication  or  modular 
construction  with  in  situ  grouting  was  considered  most  promising  (Ref 
7). 

Recently,  a study  was  performed  by  Halliburton  Services  for  the 
Civil  Engineering  Laboratory  on  conceptual  methods  for  placing  concrete 
at  deep  water  depths  (Ref  8).  Five  concepts  were  presented.  The  present 
authors  consider  that  one  of  the  concepts,  called  "Pumped  Tremie  Method 
(Closed  System),"  has  the  potential  of  being  a versatile  system  for 
placing  concrete  at  shallow  or  deep  depths  with  or  without  the  use  of 
forms.  It  is  this  concept  which  is  reported  herein  after  being  advanced 
by  studying  the  technical  and  operational  aspects  of  the  placement 
method . 

State-of-the-Art  Methods 

A number  of  state-of-the-art  methods  exist  for  transporting  concrete 
and  similar  materials  by  pipeline  and  for  placing  them  underwater. 

These  methods  are  discussed  briefly. 

Tremie  Method.  The  construction  industry  regularly  places  large 
quantities  of  concrete  underwater  by  tremie  methods  at  depths  of  tens  of 
feet  to  one  or  two  hundred  feet  in  protected  waters  for  bridge  piers  and 
other  waterfront  type  structures  (Ref  9).  Concrete  falls  by  gravity 
through  open  pipes  and  is  placed  in  forms  or  confined  spaces.  Flow  rate 
is  controlled  by  depth  of  burial  of  the  lower  end  of  the  tremie  in  the 
concrete.  Good  quality  concrete  is  regularly  produced  using  established 
mix  designs  and  operating  procedures.  Maximum  depth  of  placement  under- 
water to  date  is  about  400  feet.  Major  limitations  on  going  deeper  are 
difficulties  in  starting  the  flow  and  maintaining  control  of  the  flow 
without  runaway  of  the  high  slump  concrete  in  the  typically  12-in.  or 
greater  diameter  pipe.  Special  approaches  have  been  tried  such  as  foot 
valves  and  pipe-within-pipe  methods  but  these  do  not  promise  an  order- 
of-magnitude  increase  in  depth  capability  without  considerable  development 
of  relatively  complex  methods.  Also,  the  total  weight  of  tremie  pipes 
filled  with  concrete  becomes  very  great  with  increasing  depths. 

Bucket  Method.  Large  and  small  quantities  of  concrete  have  been 
successfully  placed  underwater  by  covered,  bottom-opening  buckets  of  up 
to  several  cubic  yard  capacity.  Bucket  placement  is  used  primarily  in 
relatively  shallow  water  although  depth  is  restricted  more  by  operational 
considerations  than  by  technical  limitations.  Stiffer  concrete  with 
larger  aggregate  (up  to  several  inches  diameter)  can  be  placed  by  bucket 
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than  by  tremie.  Specially  designed  bucket  methods  have  been  proposed 
that  would  be  suitable  for  placing  small  but  not  large  quantities  of 
concrete  in  the  deep  ocean  (Ref  7 and  8). 

Concrete  Pumping.  Pumping  concrete  through  pipelines  of  2-in.  to 
8-in.  diameter  is  a well-established  practice  on  land  for  horizontal 
distances  of  1,000  ft  or  greater  and  vertical  distances  of  several 
hundred  feet  upward  (Ref  10).  Reliable  equipment  and  experienced  oper- 
ators are  available;  mix  design  is  well  known  to  produce  pumpable,  good 
quality  concrete.  Difficulties  that  do  occur  are  usually  due  to  not 
following  standard  procedures,  for  example,  attempting  to  save  costs  by 
using  borderline  materials,  equipment  or  practices,  or  are  due  to  opera- 
tional delays. 

Pumping  downhill  is  often  troublesome  and  is  not  frequently  done. 
However,  in  some  instances,  concrete  has  been  pumped  down  for  placement 
underwater  in  water  depths  to  about  200  feet.  In  pumping  downhill  it  is 
important  to  avoid  the  formation  of  air  pockets  and  voids  in  the  pipeline. 
Both  large  air  bubbles  and  voids  can  disrupt  the  flow  and  cause  segregation 
of  the  mix  which  in  turn  causes  blockage  of  the  pipeline.  A bleed  valve 
at  the  high  point  of  the  pipeline  is  used  to  vent  air  during  initial 
filling  of  the  pipe  with  concrete,  after  which  the  valve  is  closed. 

Flow  is  then  maintained  under  continuous  positive  pressure  to  prevent 
formation  of  voids. 

Pumping  methods  offer  the  potential  for  an  order-of-magnitude 
incre-ise  in  water  depths  at  which  concrete  can  be  placed  provided  that; 

(1)  means  are  developed  to  maintain  a positive  pressure  continuously 
throughout  the  fully-filled  pipe  and  to  control  the  flow  rate,  and  (2) 
the  characteristics  of  the  fresh  concrete  required  for  the  controlled 
flow  in  the  pipeline  can  be  made  compatible  with  the  concrete  character- 
istics required  after  the  concrete  is  discharged  from  the  pipe  at  the 
seafloor.  The  placement  method  discussed  in  this  report  uses  a closed 
system,  pumping  approach. 

Pumping  Grouts  and  Mortars . Grout  is  a mixture  of  either  cement 
and  water  (neat  cement  grout)  or  cement,  water,  and  sand  (sand  grout), 
both  having  a fluid  consistency.  Mortar  is  a mixture  of  cement,  water, 
and  sand  usually  of  a stiffer  consistency  than  grout.  Grouts  and  mortars 
often  contain  admixtures  to  control  setting,  minimize  bleeding,  or 
otherwise  affect  the  material  characteristics.  Grouts  and  many  mortars 
are  readily  pumped. 

Grouts  are  regularly  pumped  through  small  (e.g.,  1-in.)  diameter 
pipes  and  placed  in  confined  spaces  for  many  construction  applications, 
such  as  repair  of  concrete,  encasement  of  post-tensioning  tendons,  and 
construction  of  water  cut-off  curtains  under  dams. 

Grout  pumping  is  also  used  for  underwater  concreting  by  the  pre- 
placed aggregate  method  by  which  large  quantities  of  concrete  have  been 
successfully  placed  to  depths  greater  than  100  feet  for  construction  of 
large  bridge  piers  and  other  purposes.  The  coarse  aggregate  is  placed 
in  forms  and  then  intruded  with  a fluid  grout  through  pre-positioned 
grout  pipes.  This  method  might  be  adapted  to  deep  ocean  placement  but 
probably  would  require  a complex  operation  since  separate  placement 
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systems  would  be  needed  for  the  forms,  the  aggregate  and  the  grout.  The 
method  would  be  limited  to  applications  using  forms  or  other  confined 
space. 

Large  quantities  of  grout,  on  the  order  of  10,000  cu  yd,  have  been 
placed  under  offshore  gravity-type  structures  located  in  water  depths  to 
450  feet.  The  purpose  is  to  provide  uniform  bearing  on  the  seafloor  and 
to  minimize  settlement,  especially  differential  settlement.  Grouts  used 
for  this  purpose  develop  low  strengths  and  are  placed  in  confined  chambers. 

Probably  the  largest  deep  placement  operation  was  one  in  which  more 
than  1,300,000  cu  yd  of  3/8-in.  maximum  size  aggregate  mortar  were 
pumped  downward  about  1,000  feet  into  a large  water-filled  cavity  under 
a dam  (Ref  8).  The  purpose  was  to  fill  the  enclosed  void.  Structural 
grade  concrete  was  not  required. 

Cementing  Oil  Wells.  Sophisticated  above-ground  and  down-hole 
equipment,  materials  and  procedures  have  been  developed  to  cement  oil 
wells  to  depths  of  20,000  feet  or  more  under  conditions  of  high  pressure 
and  high  temperature  (Ref  11).  Practices  are  limited  to  placing  cement 
slurries  in  confined  holes  using  the  back  pressure  of  the  drilling  fluid 
to  control  flow.  Concrete  is  not  used.  Cement  slurries  are  typically 
water,  cement  and  various  specialized  admixtures.  For  certain  purposes, 
such  as  increasing  the  unit  weight  of  the  grout,  fine  sand  is  sometimes 
used.  The  maximum  sand  grain  size  that  can  be  accommodated  by  pumps  and 
downhole  equipment  is  about  1/8  in.  diameter.  Sand,  when  used,  is 
typically  smaller  than  no.  20  size;  i.e.,  about  1/30-in.  in  diameter. 

Well  cementing  methods  have  been  adapted  to  some  offshore  platform 
construction:  grouting  platform  pin-piles  to  the  seafloor  and  grouting- 

in  anchor  piles.  On  one  occasion  a number  of  bell-bottomed  reinforced 
concrete  piles  of  3-1/2-ft  diameter  belled  out  to  9-  to  15-ft  diameter 
at  the  bottom  end  were  constructed  in  a total  depth  of  about  500  feet. 

A grout  with  maximum  sand  size  of  1/30  of  an  inch  was  pumped  into  a 
drilled  hole  (which  contained  the  steel  reinforcing  cage)  to  displace  a 
weighted  mud  slurry. 

Combined  theoretical  and  empirical  methods  are  used  to  predict  the 
flow  behavior  in  a pipeline  of  cement  slurry  treated  as  a non-Newtonian 
fluid.  Flow  calculations  utilize  experimentally  determined  coefficients 
related  to  slurry  viscosity  in  laminar  flow.  This  method  is  not  directly 
applicable  to  plug  flow  of  concrete  in  a pipe. 

The  major  aspect  of  construction  grouting  and  oil  well  cementing 
technology  that  is  adaptable  to  deep  ocean  concrete  placement  is  the 
control  of  material  properties,  particularly  prevention  of  water  loss 
from  grouts  and  slurries  under  high  pressures  and  pressure  differentials. 
These  properties  are  controlled  primarily  by  careful  selection  of  mater- 
ials, control  of  mix  proportions,  control  of  procedures  and  use  of 
specialized  admixtures.  Pumps  and  other  equipment  for  grouting  and 
cementing  are  not  adaptable  for  concreting. 

Mine  Construction.  Concrete  for  shaft  and  tunnel  lining  and  other 
underground  construction  has  been  transported  to  the  deep  depths  by 
dropping  the  freshly  mixed  concrete  down  long  vertical  pipes.  Copper 
mines  in  the  U.S.  and  gold  mines  in  South  Africa  have  shafts  that  are 
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several  thousand  feet  deep.  The  concrete  segregates  during  the  fall  and 
is  usually  remixed  at  the  bottom  before  being  placed.  This  method  is 
not  applicable  to  underwater  placement. 

Slurry  Transport.  Particulate  matter  such  as  coal  is  transported 
long  distances  in  "slurry  pipelines."  Similarly,  spoil  from  hydraulic 
dredges  and  many  materials  in  processing  plants  are  transported  in 
pipelines  by  two-phase  flow  with  the  suspended  solid  particles  propelled 
by  the  drag  forces  of  the  faster  moving  water  or  other  fluid.  Usually 
turbulent  flow  is  maintained  to  prevent  particles  from  settling  out. 

This  technology  is  not  applicable  to  pipeline  transport  of  concrete. 


SYSTEM  DESCRIPTION 
Overall  Configuration 

A representative  arrangement  for  a deep  ocean  concreting  operation 
is  shown  in  Figure  2.  The  surface  platform  is  positioned  at  the  site 
with  the  pipeline  deployed  for  concrete  encasement  of  objects  on  the 
seafloor.  The  pipe  handling  mast  is  located  amidships  over  a center 
well.  Pipe  is  stored  horizontally  on  the  deck.  The  concrete  batch 
plant,  mixer  and  pump  and  the  concrete  materials  storage  bins  are  located 
on  one  or  more  decks;  for  large  Jobs  additional  materials  storage  would 
be  on  a barge  alongside. 

Concreting  System 

The  components  of  the  concreting  system  are  shown  schematically  in 
Figures  3 and  4.  The  materials  storage,  conveying  and  batching  equipment, 
and  the  concrete  mixer  and  pump  are  conventional  concreting  equipment. 

The  pipeline  consists  of  standard  oilwell  tubular  goods.  The  pressure 
equalizer,  the  concreting  head,  and  the  seafloor  discharge  device  are 
not  off-the-shelf  items  and  are  specifically  built  for  deep  ocean  con- 
creting operations. 

Materials  Storage  and  Handling.  The  concreting  materials  are  the 
cement,  sand  and  gravel  aggregates,  water  and  admixtures.  A typical 
concrete  for  use  in  the  ocean  weighs  about  150  pounds  per  cubic  foot  or 
2 tons  per  cubic  yard.  The  aggregates  make  up  more  than  75  percent  of 
this  weight,  the  cement  about  16  percent,  water  about  8 percent,  and  the 
admixtures  a fraction  of  a percent.  The  bulk  weight  of  the  stored 
aggregates  is  roughly  100  pounds  per  cubic  foot  and  of  cement  75  pounds 
per  cubic  foot  (aerated  bulk  density  after  being  conveyed  pneumatically) 
so  that  about  4,600  cubic  feet  of  storage  volume  are  required  for  each 
100  cubic  yards  of  concrete  to  be  placed.  Weight  and  volume  storage 
requirements  for  materials  to  produce  various  quantities  of  concrete  are 
shown  in  Table  1 . 

Industry  has  developed  bulk  materials  storage  and  handling  methods 
including  portable  and  relocatable  systems  for  temporary  applications 
that  are  suitable  for  barge  or  shipboard  use. 
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Cement  is  best  stored  and  transported  iti  bulk  in  closed  tanks, 
commonly  available  in  sizes  up  to  3,000  cubic  feet.  Cement  is  readily 
conveyed  pneumatically  through  standardized  hoses  and  pipes  at  20  to  40 
psi  air  pressure.  Offshore  supply  boats  are  characteristically  outfitted 
with  several  pressurized  tanks  of  up  to  1,000  cubic  feet  each,  and 
associated  air  compressors  and  piping;  additional  tanks  can  be  loaded  on 
the  deck.  A large  drill  ship  will  have  10,000  to  25,000  cu  ft  of  bulk 
cement  storage  capacity. 

About  three-fourths  of  the  required  materials  storage  weight  and 
space  capacity  is  needed  for  the  aggregates  of  which  there  will  normally 
be  at  least  three  sizes:  a sand  and  two  sizes  of  coarse  aggregate. 
Established  methods  for  waterborne  transport  and  handling  of  heavy 
materials  will  be  used.  Aggregates  will  be  stored  in  low  rise  bins  in 
holds  or  on  deck  and  moved  horizontally  and  vertically  by  conveyer  belts 
and  bucket  elevators. 

The  proposed  concreting  method  requires  careful  control  of  the 
concrete  properties  which  depends,  in  turn,  on  close  control  of  the 
water  content  and  the  salt  content  of  the  aggregate.  Therefore,  covered 
storage  is  preferred,  especially  for  the  sand,  to  protect  it  against 
wetting  by  waves  and  spray. 

Water  tanks  and  pumps  are  standard  items.  Water  must  be  clean  and 
not  contaminated  with  oil  or  other  substances.  For  applications  requiring 
large  amounts  of  concrete,  the  use  of  seawater  as  the  concrete  mix  water 
would  preclude  the  need  for  large  water  tanks  and  could  be  used  with 
sufficient  prior  testing.  However,  fresh  water  is  usually  preferred  as 
a mix  water  .lince  the  properties  of  the  fresh  concrete  are  usually 
easier  to  control.  A large  drill  ship  will  have  45,000  to  85,000  cu  ft 
water  storage  capacity. 

Batching  and  Mixing  Equipment.  A portable  central-mix  concrete 
plant  would  be  set  up  on  the  deck  of  the  ocean  platform.  The  plant 
should  have  an  automatic  positive  batching  and  mixing  system  with  operator 
override  so  that  all  operations,  particularly  mix  time  and  discharge 
from  the  mixer,  are  under  full  control  of  the  operator.  Cement  and 
aggregates  would  be  batched  by  weight,  water  by  weight  or  volume  so  long 
as  the  method  is  accurate  and  dependable  and  continuously  adjusts  the 
amount  of  added  water  to  automatically  compensate  for  variation  in  the 
water  content  of  the  sand.  Admixtures  will  be  precisely  dispensed 
either  wet  or  dry  in  a manner  to  assure  uniform  distribution  throughout 
the  mix.  The  concrete  will  need  to  be  well  mixed;  this  may  require  a 
longer  than  usual  mixing  time.  The  mixer  will  discharge  into  a holding 
hopper  of  the  pump. 

One  of  the  most  important  attributes  of  the  overall  material  handling 
and  concrete  batching  and  mixing  system  is  the  capability  to  produce  a 
uniform  concrete,  particularly  in  terms  of  density  and  slump,  under 
varying  rates  of  production. 

Concrete  Pumping  and  Transporting  Equipment.  The  concrete  pump 
should  have  a high  pressure  rating  (say  1,000  psi)  and  a large  capacity 
(say  100  cubic  yards  per  hour),  but  still  be  capable  of  operating  effi- 
ciently in  its  low  capacity  range. 
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Concrete  should  be  delivered  to  the  pipeline  smoothly  and  continu- 
ously and  relatively  free  of  pressure  pulsations.  A two-cylinder  oil- 
hydraulic  pump  with  a long  stroke  operating  well  below  its  maximum 
capacity  can  deliver  concrete  at  a fairly  constant  pressure  throughout  a 
stroke  and  with  a minimum  of  dead  time  between  strokes.  To  further 
smooth  out  the  pressure  pulse,  the  pump  can  discharge  into  a pressure 
equalizing  chamber  and  it,  in  turn,  into  the  concreting  head. 

The  concreting  head  (Figure  3)  provides  a tightly  sealed  connection 
to  the  top  end  of  the  vertical  pipeline  and  also  provides  a means  for 
venting  air,  for  inserting  cleaning  plugs,  and  for  using  a wire  line, 
while  maintaining  pressure  and  flow  of  the  concrete  through  the  pipeline. 

The  vertical  pipeline  for  transporting  the  concrete  to  the  seafloor 
is  discussed  in  a later  section. 

Seafloor  Discharge  Device.  The  function  of  the  seafloor  discharge 
system  is  to  deliver  the  concrete  underwater  at  the  desired  location  in 
a coherent  mass.  Once  flow  has  started,  the  concrete  exit  point  is  kept 
buried  in  the  concrete  already  placed  so  that  concrete  is  added  to  the 
interior  of  the  mass.  The  mound  grows  by  expansion  in  size  from  within 
rather  than  by  addition  of  concrete  on  the  surface  of  the  mound.  This 
procedure  produces  a compact  mound  with  a minimum  of  washing  out  of 
cement  or  intermingling  of  concrete  and  seawater.  The  shape  of  the 
growing  concrete  mound  is  influenced  by  the  properties  of  the  concrete 
(such  as  slump),  the  discharge  rate,  the  velocity  of  flow,  and  the  depth 
of  burial  of  the  discharge  point.  The  proposed  2-  to  3-in.  slump  concrete 
will  stand  at  a fairly  steep  angle.  The  velocity  is  reduced  in  the 
expansion  chamber  portion  of  the  discharge  device.  The  maximum  depth  of 
burial  of  the  ilischarge  point  is  maintained  at  5 to  7 feet.  (If  the 
discharge  pipe  is  buried  too  deeply,  the  concrete  spreads  out  in  a flat 
shape;  if  not  buried  deeply  enough,  the  concrete  wells  up  around  the 
pipe  and  spills  out  on  the  surface.) 

A concept  for  a discharge  device  is  shown  in  Figure  4.  The  velocity 
dissipation  chamber  has  an  increasing  taper  to  prevent  blockage  by 
arching  of  aggregates.  The  tank-like  "float"  rides  on  top  of  the  concrete 
once  the  mound  has  grown  to  several  feet  in  height  and  thus  maintains 
the  discharge  point  at  a fixed  depth  of  burial  as  the  mound  continues  to 
grow.  The  telescoping  slip  joint  acts  as  a heave  control  device.  The 
joint  should  accommodate  up  to  15  feet  of  vertical  movement  to  decouple 
the  discharge  device  from  the  pipeline. 

Auxiliary  Equipment  for  Concreting.  A small  field  laboratory 
should  be  provided  in  order  to  make  tests  of  materials  and  fresh  concrete 
for  control  purposes. 

Back-Up  Equipment.  System  reliability  is  important  for  an  at-sea 
operation.  For  a large  job  back-up  equipment,  particularly  a concrete 
pump,  should  be  provided. 


Pipe  and  Pipe  Handling 
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The  pipeline  from  the  surface  platform  to  the  seafloor  would  probably 
consist  of  oilwell  tubular  goods,  either  "tubing"  or  "drill  pipe," 
depending  on  specific  availability.  Oilwell  pipe  is  furnished  in  30-foot 
lengths  with  threaded  joints;  pipe  is  manufactured  in  various  sizes  and 
material  grades  to  American  Petroleum  Institute  standards  for  size, 
shape,  joint  configuration,  and  tensile,  burst  and  collapse  strength. 

For  the  proposed  concreting  system,  pipe  in  the  3-1/2  to  5-in.  size 
range  will  likely  provide  the  desired  combination  of  flow  capacity  and 
friction  head  loss.  Flush  joints  of  constant  internal  diameter  will  be 
used  in  order  to  minimize  disturbance  to  flow. 

The  pipe  handling  system  consists  of  a conventional  oilwell  mast, 
drawworks,  other  hoisting  and  joint  make-up  equipment  and  power  supply. 

If  a floating  drill  ship  or  barge  is  chosen  as  the  platform,  this  equip- 
ment will  already  be  in  place.  If  a special  barge  is  outfitted,  then  a 
portable  rig  would  be  rented  and  installed  on  the  barge.  Either  a 
workover  rig  or  a small  drilling  rig  with  a 250,000-lb  hook  capacity  is 
adequate  to  support  a submerged  weight  of  up  to  10,000  ft  of  3-  to  4-in.  i 

ID  pipe  filled  with  concrete,  as  shown  in  Table  2.  The  pipe  handling  j 

system  may  need  to  have  some  modifications  such  as  provision  of  lateral  j 

guides  on  the  mast  for  the  traveling  block. 

The  pipe  will  be  stored  horizontally  in  stacks  on  the  deck.  As  an 
example,  4-1/2  in.  tubing  in  30-ft  lengths  stacked  in  several  layers 
requires  about  150  feet  of  deck  space  for  each  1,000  feet  of  pipe,  which 
has  a total  weight  of  about  14,000  pounds  and  thus  a deck  loading  of  90 
pounds  per  square  foot.  Some  rigs  can  handle  60-ft  doubles  (two  30-ft 
lengths  already  joined)  or  90-ft  triples.  The  longer  stands  permit 
faster  placing  and  retrieving  of  pipe.  For  example,  both  the  Glomar 
Challenger  and  the  CALDRILL  can  deploy  about  14  stands  per  hour.  The 
Challenger,  using  90-ft  lengths,  requires  about  4 hours  to  place  5,000 
ft  of  pipe;  the  CALDRILL,  using  30-ft  lengths,  needs  about  12  hours. 

However,  longer  stands  require  longer  clear  deck  space  for  storage  and 
extra  mast  height  with  its  additional  weight  and  increased  operational 
difficulties  on  a rolling  and  heaving  platform. 

Pipeline  of  the  type  that  is  normally  used  for  pumping  concrete  on 
land  is  not  suitable  for  a long  vertical  line;  it  lacks  tensile  strength 
and  suitable  joints;  no  practical  deployment  system  exists. 

Flexible  pipe  (hose)  is  often  used  for  pumping  concrete.  However, 
hose  is  more  subject  to  blockage  than  "slickline"--rigid  steel  pipe--and 
is  otherwise  less  suitable  for  vertical  transport  of  concrete.  Also, 
reinforced  hose  with  adequate  tensile  and  burst  strengths  is  considerably 
more  expensive  for  two  reasons:  (1)  it  costs  more  per  lineal  foot  than 
steel  pipe,  and  (2)  it  is  not  readily  available  off-the-shelf  in  long 
lengths  and  likely  would  need  to  be  specifically  manufactured  along  with 
its  deployment  system,  thus  incurring  substantial  capital  investment. 
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Marine  and  ocean  engineering  systems  include  surface  platforms, 
positioning  systems,  operations  monitoring  systems,  and  lifting/lowering 
systems . 

Surface  Platforms.  Ocean  platforms,  such  as  drill  ships,  work 
boats  and  barges,  are  suitable  for  the  concrete  placement  operation.  A 
drill  ship  is  probably  the  best  suited  vessel  for  the  task  because  it 
already  has  the  necessary  marine  operations  systems,  most  of  the  ocean 
engineering  systems,  and  the  pipe  and  pipe  handling  systems,  all  in 
place  and  functioning  in  a demonstrated  manner  by  crews  experienced  in 
working  together.  Drill  ships  typically  have  some  oil  well  cementing 
capability  but  this  is  too  limited  for  our  purposes.  The  main  items  to 
be  added  to  the  drill  ship  are  the  materials,  the  materials  storage  and 
handling  equipment,  the  concreting  equipment,  and  the  concreting  personnel. 

For  a small  operation  using  a small  drill  ship  such  as  a deep  ocean 
coring  ship,  the  concreting  equipment  and  materials  would  be  placed  on  a 
barge  alongside  the  drill  ship.  Concrete  would  be  pumped  from  the  barge 
to  the  drill  ship  and  then  (by  a second  pump  on  the  drill  ship)  down  the 
pipeline.  A small  drill  ship  suitable  for  placing  several  hundreds  of 
cubic  yards  of  concrete  to  5,000  ft  or  greater  depths  may  be  leased  for 
about  $7,000  per  day  including  marine  and  drilling  crews  working  a 
24-hour  day,  and  a barge  for  $2,000  per  day. 

On  a large  job  using  a large  drill  ship  there  would  be  space  on 
board  for  the  concreting  equipment  and  some  materials  storage.  A barge 
alongside  would  provide  major  materials  storage.  A shuttle  barge  would 
resupply  materials  as  needed.  Representative  costs  are  $30,000/day  for 
a drill  ship,  $2,000/day  for  a barge,  and  $5,000/day  for  a tugboat  and 
shuttle  barge  combination. 

Many  drill  ships  that  can  moor  in  600-foot  water  depths  are  located 
around  the  world.  Also  some  drill  ships  can  moor  in  water  depths  to 
2,000  feet;  the  number  of  these  vessels  is  increasing  all  the  time. 

Only  a few  drill  ships  can  keep  station  in  deep  water.  Thus  a major 
limiting  factor  in  adapting  drill  ships  for  deep  ocean  concreting  is  the 
station-keeping  capability  in  deep  water  of  available  vessels.  For 
depths  less  than  2,000  feet  or  so,  most  drill  ships  are  outfitted  to 
moor  with  anchors.  Some  drill  ships  are  equipped  with  dynamic  positioning 
systems  for  operating  in  depths  to  3,000  feet,  but  could  maintain  station 
in  much  deeper  water.  Dynamic  positioning  systems  are  typically  sophis- 
ticated and  expensive  although  less  expensive  systems  exist.  For  example, 
a small  seafloor  coring  ship,  the  CALDRILL,  works  to  6,000-ft  water 
depths  using  four  Harbormasters  manually  controlled  to  position  the  ship 
relative  to  a taut  wire  reference. 

Another  approach  is  to  use  an  ocean-going  workboat  such  as  NAVFAC's 
SEACON.  This  ocean  construction  barge  has  established  marine  operations 
systems,  including  dynamic  positioning,  and  ocean  engineering  systems, 
as  well  as  a center  well  and  considerable  deck  space.  Pipe  and  a handling 
system,  such  as  a portable  oil  well  rig  would  be  added  as  would  the 
concreting  equipment. 


For  an  operation  where  a drill  ship  or  work  ship  is  not  available 
in  a timely  manner,  a barge  or  other  available  vessel  could  be  outfitted 
for  the  specific  operation  with  (1)  a leased  oil  well  rig  including 
pipe,  crew  and  accessories,  (2)  a leased  portable  concreting  plant  and 
materials  storage  and  handling  systems,  (3)  mooring,  positioning  and 
other  systems  to  suit  the  given  operation,  and  (4)  crew  accommodations 
and  work  space. 

This  approach  has  the  disadvantage  of  having  to  provide  and  shake- 
down  the  marine  and  ocean  systems  as  well  as  the  pipe,  concreting  and 
materials  systems.  Advantages  are  that  in  some  instances,  perhaps  in  a 
remote  area,  it  would  be  faster,  or  more  cost  effective,  to  use  a locally 
available  platform. 

PosiJ.ionin£  Systems  jind  Opejrations  Monitoring^  Systen^s . Both  position 
determination  and  position  control  systems  are  required  at  the  surface 
and  at  the  seafloor  for  the  horizontal  ami  vertical  directions.  The 
positioning  and  monitoring  systems  used  for  a given  concreting  operation 
will  depeml  on  the  specific  needs  of  that  operation  and  on  the  capabilities 
of  the  ilrill  ship  or  other  surface  vessel. 

The  position  determination  system  furnishes  information  on  the 
horizontal  and  vertical  location  of  three  objects:  the  surface  platform, 
the  sub-sea  object,  and  the  lower  end  of  the  pipe  string.  These  objects 
are  located  relative  to  each  other  and  to  some  frame  of  reference  such 
as  geographic  coordinates  or  a nearby  taut  buoy.  Surface  position 
determination  systems  include  traditional  navigational  methods  as  well 
as  more  precise  location  systems  such  as  satellite  navigation,  ship's 
radar,  electronic  distance  measurement  systems  and  horizontal  angle 
measurement  systems  such  as  theodolites  and  lasers.  Water  column  and 
seafloor  navigation  and  position  determination  systems  include  short  and 
long  baseline  acoustic  transponder  systems,  load  mounted  sonar  and  TV, 
taut  wireline  to  seafloor,  and  pipeline  inclination  measurement  systems. 
Vertical  position  may  be  <letermined  by  fathometer,  load  mounted  sonic 
altimeter,  and  measurement  of  the  length  of  pipe  or  wireline  inside  the 
pipe.  Television  is  useful  for  target  acquisition  and  initial  approach 
to  the  seafloor  as  well  as  for  post -operat i on  observations,  but  will  not 
be  useable  during  concreting  due  to  turbidity. 

The  primary  function  of  the  position  control  system  is  to  place  and 
maintain  the  discharge  end  of  the  pipeline  at  the  desired  horizontal  and 
vertical  position  at  the  seafloor  relative  to  the  target  location. 

Position  will  be  controlled  by  a combination  of  maneuvering  and  station 
keeping  of  the  surface  ship  for  the  gross  position  control,  and  the  use 
of  guidance  devices  (guidelines,  posts,  funnels,  and  cones)  and  subsea 
motive  systems  (attached  near  the  lower  end  of  the  pipeline)  for  the 
local  fine  position  control  at  the  seafloor.  Horizontal  surface  position 
is  controlled  by  single  or  multiple  point  mooring  systems  in  water 
depths  to  2,000  feet  or  so,  or  by  dynamic  positioning  to  maintain  the 
vessel  at  the  desired  surface  position.  Propeller  and  jet  thrusters 
have  been  proposed  for  the  attachment  to  the  lower  portion  of  a pipe 
string  for  its  horizontal  position  control  near  the  seafloor.  These 
methods  have  been  found  to  be  unnecessary  in  many  cases  in  actual 
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experience.  Well  hole  re-entry  is  usually  performed  by  maneuvering  the 
surface  vessel  and,  once  sonar  or  TV  monitoring  confirms  alignment, 
stabbing  the  lower  end  of  the  pipeline  into  the  seafloor  guide  funnel. 
Assembly  of  seafloor  well  heads  is  usually  performed  by  maneuvering  the 
surface  vessel  and  the  use  of  taut  guidelines  and  guideposts. 

In  the  present  case,  a multi-point  mooring  system  with  taut  lines 
to  shipboard  winches,  as  shown  in  Figure  2,  can  control  the  location  of 
the  bottom  end  of  the  pipeline  for  accurate  positioning  and  stabilization 
against  random  motions  due  to  surface  vessel  excitation  (Ref  12).  This 
type  of  system  has  performed  successfully  to  3,000-ft  water  depths  and 
is  considered  to  be  adaptable  to  deeper  water. 

Successful  vertical  position  control  (heave  control)  methods  for 
pipe  strings  vary  from  manual  adjustment  to  telescoping  joints  (bumper 
subs;  riser  slip  joints)  to  various  passive  and  active  tensioners  for 
guidelines  and  riser  pipes  and  heave  compensators  in  the  pipestring 
hoisting  system  between  the  hook  and  the  traveling  block  or  at  the  crown 
block.  Stabilized  platforms  such  as  column  stabilized  semi-submersibles 
are  an  appropriate  solution. 

For  concrete  placing  by  pipeline,  vertical  motion  control  is  pri- 
marily needed  to  keep  the  lower  end  of  the  pipe  buried  in  the  concrete 
during  discharge.  The  required  vertical  motion  compensation  can  be 
obtained  by  the  use  of  telescoping  slip  joints  in  the  pipestring  near 
the  bottom  just  above  the  seafloor  discharge  device.  Either  specifically 
built  slip  joints  or  commercially  available  bumper  subs  can  be  used. 

For  concreting  with  a 3-inch  ID  pipeline,  it  is  probably  more  economical 
to  use  one  or  more  standard  bumper  subs  (each  with  a 5-foot  stroke)  in 
series  as  is  common  practice  in  oil  well  drilling.  For  larger  diameter 
pipelines,  standard  bumper  subs  are  special  order  items  so  telescoping 
joints  would  probably  be  more  economical  to  build  than  bumper  subs. 

TECHNICAL  CONSIDERATIONS 
General  Approach 

For  successful  in  situ  seafloor  concreting  the  key  procedures  are 
transporting  the  concrete  vertically  downward  and  discharging  the  fresh 
concrete  at  the  seafloor.  Thus,  techniques  are  needed  to  control  the 
flow  of  concrete  through  a long  vertical  pipeline  without  blockage  and 
without  runaway  of  the  flow  rate,  and  to  control  the  discharge  behavior 
of  the  fresh  concrete  at  the  seafloor.  The  concrete  delivered  to  the 
seafloor  should  have  the  desired  characteristics  (consistency,  time  to 
initial  set,  strength  when  hardened,  etc.)  and  be  delivered  in  desired 
quantities  in  a minimum  length  of  time.  The  major  factors  of  interest 
that  interact  with  each  other  are  listed  in  Table  3.  The  most  important 
of  these  factors  are  probably  the  purpose  of  the  placement,  the  water 
depth  and  the  total  quantity  of  concrete  required. 

The  rigid  pipeline,  suspended  from  the  surface  platform,  will  be 
closed  to  atmospheric  pressure  at  the  upper  end.  Fresh  concrete  is 
pumped  into  the  vertical  pipe  under  positive  pressure.  The  concrete 
flows,  primarily  due  to  the  force  of  gravity,  down  the  pipe  and  is 
discharged  at  the  seafloor. 
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The  most  serious  cause  of  pipeline  blockage  is  segregation  of  the 
concrete  constituents,  particularly  "bleeding"  of  the  water.  To  prevent 
segregation  as  the  concrete  travels  through  the  pipe,  it  is  important 
that  there  be  no  air  pockets  in  the  line  and  that  there  be  no  voids  from 
the  material  separating.  Also,  it  is  important  to  maintain  plug  flow. 

At  the  beginning  of  a pour,  air  in  the  pipeline  system  should  be 
vented  at  the  concreting  head  or  other  high  point  in  the  line.  Voids  in 
the  concrete  can  be  prevented  by  keeping  the  pipe  completely  full  of 
concrete  and  under  positive  pressure  throughout  its  entire  length.  Once 
concrete  flow  has  begun,  it  should  continue  uninterruptedly.  Thus, 
there  is  a need  for  a backlog  of  material  and  backup  mixing  and  pumping 
capabi 1 ity . 

The  means  for  preventing  runaway  velocity  of  the  flow  is  to  use  a 
concrete  mixture  that  has  friction  head  loss  characteristics  which  cause 
terminal  velocity  of  flow,  for  a given  pipe  diameter,  within  a reasonable 
range,  probably  about  six  to  ten  ft/sec.  Higher  velocities  lead  to 
laminar  or  turbulent  flow  which  could  cause  segregation.  A valve  or 
throttle  will  not  be  used  at  the  seafloor  to  control  the  flow  velocity. 

The  use  of  a valve  or  throttle  is  specifically  avoided  since  the  high 
pressure  differential  across  a throttle  or  a partially  closed  valve  may 
lead  to  blockage  and  thus  seriously  diminish  the  reliability  of  the 
system. 

Once  the  concrete  discharge  has  started  at  the  seafloor,  the  lower 
end  of  the  pipe  must  be  kept  buried  in  the  already  emplaced  concrete  to 
prevent  mixing  with  seawater  and  the  cement  washing  out  of  the  concrete. 
For  most  applications,  where  concrete  is  emplaced  without  confinement  by 
forms  or  other  means,  it  will  be  desirable  for  the  concrete  to  build  up 
into  a mound  of  well  consolidated  material  with  fairly  steep  side  slopes 
(say  about  one  vertical  for  each  two  horizontal).  Therefore  the  concrete 
will  need  a fairly  stiff  consistency,  for  example  a slump  of  about  two 
or  three  inches. 

As  the  concrete  descends  down  the  long  pipeline,  pressure  can 
increase  to  thousands  of  pounds  per  square  inch  in  deep  water.  This 
change  in  pressure  may  affect  the  concrete  characteristics,  for  example, 

» cause  a reduction  of  slump  and  thus  increased  friction. 

State-of-the-art  knowledge  is  available  for  placing  concrete  under- 
water to  depths  of  several  hundred  feet,  and  for  pumping  concrete  through 
j a pipe  at  pressure  heads  up  to  about  1,000  psi  and  velocities  of  flow  of 

[ two  or  three  feet  per  second.  For  the  proposed  application  concrete 

will  be  flowing  through  a pipe  at  much  higher  pressures  (several  thousand 
psi)  and  higher  velocities  (up  to  about  10  ft/sec).  The  concrete  will 
have  a much  stiffer  consistency  (about  2 to  3 in.  slump)  than  that 
usually  placed  underwater  (about  6 to  7 in.  slump). 

A major  engineering  assumption  has  been  made:  that  available 
state-of-the-art  knowledge  on  concrete  mix  designs  can  be  adapted  and 
extended  for  use  in  the  new  environment.  Such  an  assumption  needs  to  be 
f verified  by  laboratory  tests  on  concrete  mixtures  that  will  simultaneously 

meet  the  requirements  of:  (1)  the  flow  of  concrete  through  pipelines  at 
) the  higher  pressures  and  velocities  and  (2)  the  behavior  of  the  stiff 

I concrete  discharged  underwater. 


Flow  of  Concrete  in  a Pipeline 

The  flow  of  concrete  through  a pipeline  is  usually  described  as 
"plug  flow"  in  which  the  main  mass  of  the  concrete  slides  along  on  a 
thin  lubricating  film  of  water,  cement  and  very  fine  sand  on  the  inside 
wall  of  the  pipe.  The  following  discussion  of  concrete  flow  behavior 
and  resistance  in  a pipe  is  based  on  work  reported  in  References  13 
through  16  and  summarized  in  References  17  and  18. 

The  plug  of  concrete  consists  of  the  particles  of  cement,  sand  and 
coarse  aggregate,  and  a water  phase  which  occupies  the  continuous  inter- 
particle void  space.  As  shown  in  Figure  5 the  flow  velocity  is  essen- 
tially constant  across  the  plug  and  drops  rapidly  across  the  lubricating 
film  to  zero  at  the  pipe  wall.  Thus  in  a straight  pipe  of  constant 
diameter  there  are  no  internal  shear  stresses  within  the  plug.  The 
resistance  to  flow  is  considered  to  be  due  to  the  friction  between  the 
peripheral  surface  of  the  plug  and  the  inside  surface  of  the  pipe  wall, 
and  to  the  internal  shear  force  within  the  lubricating  layer.  At  a 
change  in  pipe  direction  or  diameter,  resistance  to  flow  changes  since 
the  solid  particles  within  the  plug  move  relative  to  each  other  and 
develop  internal  shearing  forces  similar  to  those  in  a fluid  in  laminar 
or  turbulent  flow.  For  mild  bends  and  tapers  whose  total  length  is 
small  compared  to  the  overall  length  of  the  pipe,  the  contribution  to 
resistance  due  to  internal  shear  in  bends  and  tapers  is  a small  percentage 
of  the  total  resistance. 

If  flow  velocity  increases  above  about  7 to  10  ft/sec  (depending  on 
the  pipe  diameter  and  on  the  individual  mix)  the  central  core  of  the 
concrete  tends  to  move  faster  thati  the  concrete  closer  to  the  pipe  wall. 
The  flow  thus  assumes  a laminar  or  quasi-laminar  flow  profile  with 
internal  shear  stresses.  The  behavior  of  concrete  in  this  flow  regime 
is  not  well  known,  but  a tendency  for  the  coarse  aggregate  to  accumulate 
in  the  central  core  can  be  postulated.  Such  a moderate  segregation  by 
aggregate  size  could  be  aggravated  by  the  cumulative  effect  of  long 
distances  to  the  point  of  concentrating  the  coarse  aggregate  into  rock 
pockets  which  could  then  cause  sudden  blockages  by  arching.  Since  this 
is  an  unknown  regime,  velocities  higher  than  about  10  ft/sec  should  be 
avoided  until  this  problem  can  be  studied. 


Effect  of  Saturation  on  Flow  Resistance 

The  resistance  due  to  friction  of  the  solid  particles  in  contact 
with  the  pipe  wall  is  strongly  affected  by  whether  or  not  the  concrete 
is  saturated.  In  the  saturated  state  the  water  completely  fills  the 
interparticle  void  volume.  In  fact,  it  is  necessary  to  have  sufficient 
water  to  overfill  the  voids  in  the  dry  material.  Thus,  the  water  separates 
the  solid  particles  and  the  intergranular  pressure  between  particles  is 
negligibly  small,  as  is  the  normal  force  of  the  particles  against  the 
pipe  wall.  In  this  saturated  state,  the  concrete  is  forced  through  the 
pipe  by  the  hydraulic  pressure  in  the  water.  The  radial  pressure  against 
the  pipe  wall  is  nearly  equal  to  the  longitudinal  pressure  since  it  is 
due  almost  entirely  to  the  hydraulic  pressure  of  the  water  and  little  to 
the  solid  particle  pressure. 
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Laboratory  aiui  field  tests  (Ref  13-18)  have  shown  that  for  a saturated 
concrete  flowing  through  a straight  pipe  of  constant  cross  section  in 
plug  flow  the  total  resistance  to  flow  is  (approximately)  directly 
proportional  to  the  length  of  pipe  and  to  the  velocity  of  flow,  and 
inversely  proportional  to  the  pipe  diameter.  Resistance  is  essentially 
independent  of  radial  pressure  and  total  pressure,  for  the  range  of 
pressures  tested  to  date  (up  to  about  1,000  psi),  provided  that  the 
pressure  does  not  change  the  characteristics  of  the  concrete  mix,  for 
example,  by  decreasing  the  interparticle  void  volume  by  compressing 
entrapped  air  or  forcing  water  into  porous  aggregates. 

It  is  assumed  that  the  above  stated  relationships  between  resistance, 
length,  diameter  and  pressure  can  be  extended  to  the  pressure  environments 
of  interest  in  the  deep  ocean  (8,900  psi  at  20,000  ft).  However,  this 
must  be  verified  by  laboratory  tests. 

Different  concrete  mixes  will  have  different  characteristics  of 
flow  resistance;  that  is,  the  above  linear  relationships  are  relative  to 
a specific  mix.  If  the  mix  changes,  then  the  resistance  properties  may 
also  change.  The  effect  of  mix  characteristics  on  friction  is  discussed 
in  a later  section. 

When  the  concrete  is  not  saturated  the  water  does  not  completely 
fill  the  inlerparticle  void  volume,  the  particles  come  in  contact  with 
each  other,  an  intergranular  pressure  develops,  the  ratio  between  the 
axial  and  radial  pressures  changes,  and  the  contact  pressure  between  the 
solid  particles  and  the  pipe  wall  increases  dramatically.  The  resistance 
to  flow  is  much  greater  for  unsaturated  than  for  saturated  concrete. 
Additionally,  unsaturated  concrete  usually  exhibits  dilatancy;  any 
movement  of  solid  particles  relative  to  one  another  tends  to  cause  an 
increase  in  the  total  interparticle  void  volume,  and  thus,  if  the  volume 
increase  is  cons t r-a ined , an  even  greater  intergranular  stress  and  wall 
friction  are  developed. 

The  resistance  to  flow  of  concrete  in  the  unsaturated  state  is  not 
linearly  proportional  to  pipe  length,  but  is  a function  of  the  radial 
pressure;  also  the  relationship  between  the  radial  pressure  and  axial 
pressure  changes  with  change  in  axial  pressure. 

The  difference  in  flow  resistance  between  a given  mix  in  a saturated 
state  and  the  same  mix  in  an  unsaturated  state  is  great.  The  unsaturated 
mix  can  develop  the  same  amount  of  total  resistance  in  a few  feet  of 
pipe  length  as  that  developed  in  several  hundred  feet  of  pipe  length  in 
saturated  flow.  Additionally,  unsaturated  concrete  may  be  subject  to 
bridging  and  arching  of  the  aggregates  across  the  diameter  of  the  pipe 
as  discussed  below. 

In  practice,  then,  the  concrete  mix  must  be  saturated.  If  it 
becomes  unsaturated,  blockage  may  occur  almost  immediately.  A common 
cause  of  change  from  saturated  to  unsaturated  is  bleeding  of  the  water. 
Bleeding  is  prevented  by  providing  a mix  that  is  "plastic"  and  "cohesive," 
by  avoiding  high  pressure  differentials  (such  as  an  abrupt  change  in 
pipe  diameter),  and  by  avoiding  large  discontinuities  (such  as  air 
bubbles  and  voids)  in  the  water  phase. 
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Effect  of  Concrete  Mixtures  on  Flow  Resistance 


The  characteristics  of  the  materials  and  their  proportions  in  the 
concrete  mixture  affect  the  flow  resistance  in  several  ways.  The  two 
most  important  characteristics  of  the  mixture  are  the  inherent  resistance 
of  the  mix  to  bleeding  and  the  magnitude  of  the  flow  resistance  when  the 
mix  is  saturated. 

To  provide  a cohesive  mix  that  will  not  bleed  easily  the  mix  is 
proportioned  by  the  method  of  minimizing  the  total  interparticle  void 
volume  between  the  solid  particles  of  cement  and  aggregates.  The  void 
space  is  continuous  but  the  individual  channels  that  remain  for  water 
passage  are  extremely  small  and  intricately  interconnected.  Thus  when 
the  mix  is  saturated  with  water,  hydrostatic  pressure  can  be  transmitted 
via  the  water  phase  yet  the  small  diameter,  high  specific-surface-area 
interstices  limit  the  flow  of  water  through  the  mix. 

Mix  design  is  by  careful  gradation  of  the  successively  smaller 
sizes  of  aggregate  and  cement  so  that  the  voids  between  larger  solid 
particles  are  filled  with  smaller  particles  and  the  voids  between  them 
with  smaller  still.  This  provides  small  tortuous  paths  for  the  water  to 
migrate  through  the  aggregates.  In  this  condition,  hydraulic  pressure 
moves  the  mass  of  concrete  down  the  pipe  rather  than  just  the  water 
through  the  interstices  of  the  solids. 

Three  ways  in  which  the  mix  proportions  affect  resistance  to  flow 
of  saturated  concrete  are  shown  qualitatively  in  Figures  6,  7 and  8. 
Quantitative  information  depends  on  the  specific  mix  and  size  of  pipe. 

The  information  presented  is  based  on  laboratory  tests  in  which  the 
pressure  required  to  pump  concrete  was  measured  while  the  following 
individual  factors  were  varied:  (1)  cement  content,  (2)  size,  shape  and 
percentage  of  coarse  aggregate,  (3)  amount  and  gradation  of  fine  aggregate, 
(4)  consistency  of  mix,  and  (5)  pipe  diameter  and  length  (Ref  16). 

The  saturated  state  resistance  to  flow  is  strongly  affected  by  the 
amount  and  fineness  of  the  fine  material,  particularly  the  total  amount 
of  very  fine  material;  i.e.,  the  cement  and  fine  aggregate  passing  the 
number  200  sieve. 

In  Figure  6 it  is  seen  that  the  resistance  is  a minimiun  at  a certain 
amount  of  total  fines  per  cubic  yard  indicated  by  point  "A."  As  the 
amount  of  fines  is  decreased,  the  resistance  increases  gradually  until 
at  a certain  minimum  amount  of  fines  indicated  by  point  "B"  blockage  of 
the  pipe  occurs  abruptly  due  to  arching  where  the  resistance  suddenly 
increases  to  a very  large  value.  On  the  other  hand,  if  the  amount  of 
fines  is  increased  past  point  "A,"  the  resistance  increases  smoothly  to 
a higher  value  than  at  "A"  but  without  blocking  the  pipeline. 

Thus  the  control  of  terminal  velocity  of  concrete  traveling  down 
the  pipeline  is  best  achieved  by  adjusting  the  total  amount  of  "fine 
fines"  in  the  mix  so  that  the  system  is  operating  in  a resistance  range 
in  the  vicinity  of  point  "C."  The  velocity  of  flow  can  then  be  further 
controlled  by  varying  the  pump  pressure. 

The  influence  of  the  amount  and  size  of  coarse  aggregates  on  flow 
resistance  is  shown  in  Figure  7.  Increasing  the  amount  of  coarse  aggregate 
as  a percentage  of  total  aggregate  has  a moderately  increasing  effect  on 
resistance  until  values  in  the  range  of  50%  are  exceeded  at  which  point 
resistance  rises  rapidly  and  can  lead  to  blockage  by  arching. 


The  appropriate  operating  range  here  is  to  work  within  that  portion 
of  the  curve  that  is  relatively  flat  and  to  avoid  the  steep  part  of  the 
curve  that  can  lead  to  blockage. 

Variation  in  the  consistency  of  the  concrete,  represented  for 
example  by  slump,  also  causes  variation  in  resistance  as  seen  in  Figure  8. 
Very  fluid  concretes,  say  with  slumps  6 in.  and  greater,  have  low  resis- 
tance to  flow  but  are  very  susceptible  to  bleeding  and  thus  blockage  by 
arching  at  which  point  the  resistance  suddenly  becomes  excessively  large 
and  flow  is  stopped.  Concrete  with  slumps  in  the  range  of  2 to  4 inches 
have  higher  resistances.  Very  low  slump  concretes,  say  zero-slump,  have 
high  resistance  yet  can  be  pumped  under  high  pressure  without  segregation 
or  blockage.  However,  zero-slump  concrete  is  difficult  to  use  in  a 
pumping  operation  because  the  stiff  concrete  does  not  draw  into  the  pump 
cylinders  readily  on  the  intake  stroke.  Also,  it  may  be  too  stiff  at 
the  point  of  placement  to  consolidate  well.  Slumps  in  the  practical 
range  of  1 to  4 inches  are  commonly  recommended  for  pumping  concrete. 

For  the  present  case,  slumps  of  2 to  3 inches  will  probably  be  used. 

Pipeline  Blockage  Prevention 

Blockage  of  concrete  flow  in  a pipeline  is  variously  called  stoppage, 
plugging,  clogging,  refusal  and  other  terms.  There  are  several  types  of 
blockage.  The  two  most  important  types  are:  (1)  blockage  due  to  bridging 
or  arching  of  the  aggregates  across  the  diameter  of  the  pipeline,  and 
(2)  stoppage,  or  lack  of  flow,  that  occurs  when  the  total  force  of 
friction  between  the  concrete  and  the  pipe  wall  along  the  overall  length 
of  the  pipeline  is  greater  than  the  driving  force.  Other  types  of 
blockage  include  stoppage  due  to  premature  setting  of  the  concrete  while 
still  in  the  pipeline,  and  that  due  to  gradual  build-up  of  material  on 
the  inside  of  the  pipe  wall. 

A pictorial  representative  of  pipeline  blockage  due  to  arching  of 
the  aggregates  is  shown  in  Figure  9.  This  is  the  most  serious  type  of 
blockage  since  once  it  occurs  it  usually  cannot  be  overcome  by  increasing 
the  pumping  pressure;  this  only  makes  the  blockage  worse  by  dewatering 
the  material  through  bleeding.  Vibration  may  help  but  cannot  be  depended 
on.  Usually,  the  only  remedy  is  to  take  the  pipe  apart  and  flush  it 
out . 

The  most  common  causes  are  too  wet  a mix  and  improper  aggregate 
gradation.  Other  causes  are  improper  size  and  shape  of  aggregate.  An 
important  contributing  cause  may  be  a localized  high  pressure  differen- 
tial due,  for  example,  to  a leaky  pipe  joint,  a partially  closed  valve, 
a sharp  bend  in  the  pipeline,  or  an  abrupt  reduction  in  pipe  diameter. 

Air  bubbles  or  voids  in  the  pipeline  will  cause  bleeding  which  may  lead 
to  blockage.  The  onset  of  arching  is  sudden  and  once  initiated  usually 
goes  to  completion.  Therefore,  conditions  (concrete  mix  design  and 
operating  procedures)  conducive  to  arching  should  be  avoided  by  a wide 
margin. 

High  resistance  to  flow  due  to  friction  between  the  moving  concrete 
and  the  pipe  wall  is  a serious  limitation  in  conventional  concrete 
pumping  operations  on  land  since  it  demands  higher  horsepower  pumps  and 
limits  the  distance  and  height  to  which  concrete  can  be  pumped.  If  the 


total  friction  force  along  the  length  of  the  pipeline  becomes  too  large, 
the  flow  is  stopped.  However,  flow  can  be  started  again  by  increasing 
the  driving  force--that  is  by  pushing  the  concrete  by  a higher  pressure. 
This  is  in  marked  contrast  to  blockage  due  to  arching  which,  as  described 
above,  is  not  overcome  by  additional  driving  force,  and  in  fact  gets 
worse . 

For  the  proposed  application  the  frictional  resistance  will  be  used 
to  advantage  for  limiting  terminal  flow  velocity.  The  concrete  falling 
in  the  long  vertical  pipe  is  driven  primarily  by  gravity.  Additional 
force  is  provided  by  the  pump  pressure  which  will  be  maintained  at  a 
positive  value.  The  force  due  to  pump  pressure,  added  to  the  force  due 
to  gravity,  can  be  varied  and  will  be  used  as  a control  method.  If 
velocity  becomes  too  great,  the  pump  pressure  can  be  reduced  (but  still 
positive);  if  velocity  becomes  too  low,  the  pump  pressure  can  be  increased. 

Prevention  of  concrete  setting  (hardening)  in  the  pipeline  is  an 
important  operational  consideration  but  is  not  considered  to  be  a serious 
technical  problem.  This  type  of  blockage  is  avoided  by  limiting  the 
length  of  time  between  mixing  the  concrete  and  placing  it.  Set  retarder 
admixtures  are  available  for  delaying  the  initial  set  for  up  to  several 
hours,  if  needed.  If  the  operational  delay  occurs  after  the  concrete  is 
in  the  pipe,  the  pipeline  should  be  pumped  out  before  initial  set  of  the 
concrete  occurs,  and  the  job  re-started  when  fresh  concrete  is  again 
available. 

Blockage  due  to  build-up  of  mortar  on  the  pipe  wall  is  also  controlled 
by  operational  procedures;  it  can  be  prevented  by  cleaning  with  a "go- 
devil"  periodically,  say  once  per  hour.  Build-up  may  be  more  of  a 
problem  with  grouts,  slurries  and  mortars  than  with  concrete  in  plug 
flow.  However,  its  possibility  should  be  planned  for  and  expendable 
cleaning  devices  provided. 

Concrete  Deposited  Underwater 

For  the  proposed  application  the  major  characteristics  of  interest 
of  the  concrete  placed  at  the  seafloor  are;  (1)  the  flow  behavior  of 
fresh  concrete  underwater,  particularly  the  mounding  behavior  of  the 
concrete  placed  without  forms,  (2)  the  capability  of  the  concrete  to 
form  a continuous  coherent  consolidated  mass  without  layers  of  water, 
laitance,  etc.,  and  (3)  the  capability  of  concrete  to  mature  into  a good 
quality  structural  grade  material  in  terms  of  strength,  density  and 
durability . 

The  underwater  flow  behavior  includes  characteristics  such  as  the 
distance  of  lateral  flow,  the  steepness  of  advancing  front,  and  the 
residual  surface  slope  of  the  concrete  after  it  has  stopped  flowing. 

For  concrete  placed  without  forms  it  is  desired  that  the  concrete  be 
able  to  form  a mound  of  concrete  with  surface  slopes  of  about  1 vertical 
to  2 horizontal  or  steeper.  For  concrete  placed  in  forms  and  with 
reinforcing  steel  the  concrete  should  flow  into  the  forms  with  a minimum 
of  trapped  water  in  corners,  and  develop  adequate  bond  to  the  reinforcing 
steel . 
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Upon  discharge  from  the  pipe  the  concrete  should  be  capable  of 
maintaining  its  plastic  cohesive  consistency  and  not  segregating  either 
by  washing  out  of  cement  or  settling  of  coarse  aggregates.  By  "structural 
grade"  quality  is  meant  that  concrete  will  develop  a 28-day  compressive 
strength  of  say  at  least  2,500  psi  in  the  deep  ocean  environment  and 
that  the  concrete  have  good  durability. 

Concrete  Mixture  Design 


Requirements . The  desired  concrete  properties  are:  (1)  that  the 
fresh  concrete  be  pumpable  and  pipeable  under  high  pressure  at  discharge 
rates  of  30  to  50  cu  yd/hour  or  greater,  (2)  that  the  concrete  on  dis- 
charge at  the  seafloor  will  form  into  a coherent,  consolidated  mass  with 
fairly  steep  slopes,  and  (3)  that  the  concrete  will  develop  strength  and 
other  properties  of  structural  grade  concrete  in  the  deep  ocean  environ- 
ment . 

The  fresh  concrete  will  need  to  be  sufficiently  plastic  and  cohesive 
to  pump  and  to  flow  down  the  long  pipe  without  bleeding,  segregation  or 
line  blockage,  and  to  have  resistance  to  flow  that  will  limit  the  maximum 
velocity  to  not  more  than  about  7 to  10  ft/sec.  Tbe  pumpable  mix  may 
need  to  have  greater  flow  resistance  (friction  head  loss)  than  usual 
state-of-the-art  mixtures  in  order  to  use  larger  diameter  pipes  to 
provide  the  desired  flow  rates.  Example  velocities  are  shown  in  Table  4 
for  flow  rates  of  interest  in  3-  to  4-in.  ID  pipes. 

Materials . Concreting  materials  are  cement,  fine  aggregates, 
coarse  aggregates,  water  and  admixtures.  Portland  cement  having  a 
tricalcium  aluminate  (C^A)  content  between  4 and  10%  should  be  used. 
Normal  weight,  well-rounded  stone  should  be  used  for  tlie  fine  and  coarse 
aggregate.  For  most  cases,  the  water  should  be  potable  although  seawater 
may  be  used.  Various  admixtures  can  be  used  such  as  low  water  loss 
admixtures  of  cellulose  compounds  or  similar  patented  organic  admixtures. 
Bentonite  in  small  quantities  will  improve  cohesiveness.  Other  inorganic 
materials  such  as  silica  flour,  pozzolan  and  flyash  may  also  improve 
cohesiveness.  However,  air  entrainment  should  not  be  used  because  the 
high  pressures  will  collapse  the  air  bubbles  and  alter  the  consistency 
of  the  mix.  Set  retarders  may  be  needed  to  prevent  premature  set  or  to 
control  temperature  rise  due  to  cement  hydration,  especially  for  very 
large  pours. 

Proportioning  the  Concrete  Mixture.  Mixtures  will  be  proportioned 
by  the  minimum  voids  approach  so  that  all  voids  are  filled  and  excess 
water  made  available  so  that  a saturated  mix  can  be  maintained.  The 
water/cement  ratio  will  be  about  0.45  or  possibly  greater  to  assure  the 
saturated  condition.  Cement  content  will  be  approximately  7 sacks  per 
cubic  yard.  The  maximum  size  of  coarse  aggregate  will  be  equal  or  less 
than  one  quarter  the  pipe  inside  diameter  and  will  be  limited  to  a 
maximum  size  of  three  quarter  inches  in  most  cases.  The  fine  aggregate 
ratio  will  be  about  45  to  50%.  The  fine  aggregate  gradation  will  conform 
to  ASTM  Designation  C33  with  the  additional  requirements  that  between  15 


and  30%  pass  the  number  50  sieve  and  5 to  10%  pass  the  number  100  sieve 
and  that  the  fineness  modulus  of  the  fine  aggregate  be  in  the  range  of 
2.4  to  3.0.  The  coarse  aggregate  gradation  will  conform  to  ASTM  Desig- 
nation C33  as  close  to  the  middle  range  as  feasible.  The  combined 
aggregates  will  be  well  graded  with  no  gap  grading.  The  air  content 
will  be  minimized  (Ref  10  and  19). 


COST  ESTIMATE 

The  cost  of  an  operation  to  place  a large  quantity  of  concrete  in 
the  deep  ocean  can  be  roughly  estimated  and  compared  to  that  of  a similar 
grouting  operation.  These  costs  can  also  be  compared  to  a generalized 
estimate  that  would  represent  a major  salvage  operation. 

Material  costs  are  less  for  concrete  than  for  grout  because  less 
cement  is  used.  Table  5 shows  this  comparison.  For  a job  requiring 
10,000  cu  yd,  which  would  be  a task  equivalent  to  encasing  a ship-sized 
object,  the  material  cost  is  about  $300,000  for  concrete,  $460,000  for  a 
sand/cement  grout  and  $630,000  for  a neat  cement  grout. 

The  unit  weight  of  concrete  is  considerably  greater  than  the  unit 
weight  of  grout.  Table  6 compares  the  total  quantity  of  material  for  a 
task  that  requires  a submerged  weight  of  25  million  pounds  which  is 
beyond  deep  water  lifting  capability.  A 25,000,000-lb  submerged  weight 
could  be  provided  by  10,000  cu  yd  of  concrete  or  15,000  cu  yd  of  cement 
slurry.  For  this  case,  the  material  costs  are  $300,000  for  concrete, 
$550,000  for  a sand/cement  grout,  and  $940,000  for  a neat  cement  grout. 

Material  costs  are  important;  however,  at-sea  operational  costs  are 
more  significant  in  controlling  overall  project  costs.  It  is  difficult 
to  quantitatively  define  some  of  these  costs  but  qualitatively  they  may 
be  compared.  For  instance,  the  logistics  of  supplying  materials  to  the 
surface  platform  is  a major  factor.  A drill  ship  will  carry  about  850 
cu  yd  of  cement.  One  cubic  yard  of  cement  makes  3.6  cu  yd  of  concrete, 
1.8  cu  yd  of  sand/cement  grout  or  1.2  cu  yd  of  neat  cement  grout.  An 
offshore  resupply  boat  normally  carries  about  350  cu  yd  of  cement  but 
can  be  outfitted  with  portable  tanks  to  carry  up  to  800  cu  yd  of  cement. 
An  aggregate  barge  towed  by  a tug  will  supply  the  aggregate.  A barge  of 
2,600  DWT  capacity  is  assumed.  Table  7 shows  that  fewer  resupply  trips 
are  required  to  supply  the  cement  and  aggregate  for  concrete  than  to 
supply  just  cement  or  cement  and  sand  for  grout.  Depending  on  the 
distance  from  land,  fewer  resupply  trips  can  save  tens  to  hundreds  of 
thousands  of  dollars. 

Time  on-site  while  placing  the  material  will  affect  the  overall 
cost  because  drill  ships  lease  at  about  $30,000/day.  It  has  been  stated 
in  a previous  section  that  the  flow  rate  for  concrete  was  estimated  at 
30  to  50  cu  yd/hr  using  the  method  presented  herein.  For  10,000  cu  yd, 
this  equates  to  8 to  14  days  of  continuous,  round-the-clock  operations. 
(This  time  could  be  shortened  by  using  multiple  pipes  instead  of  just 
one  pipe.)  It  is  considered  likely  that  the  flow  rate  for  grout  would 
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be  about  equal  to  that  of  concrete  because  the  pipe  diameter  for  grout 
would  be  smaller  but  the  velocity  of  flow  could  be  greater.  The  opera- 
tional time  for  actually  placing  either  concrete  or  grout  would  be  about 
the  same;  hence,  these  costs  would  be  similar. 

Another  item  in  the  comparison  between  concrete  and  grout  that 
strongly  favors  concrete  is  whether  or  not  a task  can  be  performed 
without  formwork.  For  an  encasement  operation,  grout  would  require 
formwork  of  some  kind  to  contain  the  material.  Without  formwork  the 
grout,  being  a slurry,  would  run  horizontally  while  producing  little 
vertical  rise.  Using  concrete  there  is  the  ability  to  place  the  material 
in  thicker  lifts.  Concrete  is  able  to  attain  a steeper  slope  than  grout 
even  when  both  materials  appear  equally  "stiff"  in  a mixer.  The  large 
aggregate  in  concrete  provides  an  interlocking  capability  that  permits 
self-standing. 

By  avoiding  the  need  for  formwork,  a major  at-sea  operation  is 
eliminated.  The  additional  time  and  cost  for  placing  formv/ork  could 
conceivably  equal  that  of  the  operation  to  place  the  grout,  thus  doubling 
the  overall  cost.  Hence,  for  this  feature  alone  the  development  effort 
for  concrete  is  justified. 

To  summarize,  the  cost  of  an  encasement  operation  using  concrete 
to  cover  a large  object  is  given  below  as  a rough  estimate: 


Cost 

Materials 

(10,000  cu  yd  at  $30/cu  yd) 

$ 300,000 

Material  supply 
(8  round  trips  at  2 days  each 
at  $.3 ,000/day ) 

80,000 

Equipment  rental 
(cement  tanks,  concrete 
mixers  and  pumps,  batching 
equipment,  etc.) 

70,000 

Drill  Ship 

(30  days  at  $30,000/day) 

900,000 

Set  up  charges 

100,000 

Engineering  and  Management 

300,000 

Prof  it 

250,000 

$2,000,000 

The  total  cost  would  be  about  $2  million.  This  is  a unit  price  of 
$200/cu  yd  of  concrete  in  place,  which  is  comparable  to  typical  construc- 
tion costs  of  about  $300/cu  yd  for  concrete  structures  but  far  below 
offshore  platform  costs  of  about  $700/cu  yd. 


23 


To  perform  a similar  eiicasemenf  operation  by  using  grout  the  cost 
varies  substantially  if  formwork  is  used.  Without  formwork,  the  cost  is 
estimated  at  $2,400,000.  With  formwork,  the  cost  of  the  forms  and  the 
time  at  sea  to  place  the  forms,  results  in  a total  cost  estimated  at 
$4,000,000. 

All  of  the  costs  are  attractive  when  compared  to  a salvage  operation. 
The  operation  to  salvage  the  Russian  submarine  using  the  Glomar  Explorer 
cost  over  $400  million,  which  includes  the  cost  of  building  the  vessel, 
barge,  and  recovery  claw.  The  Glomar  Explorer  was  recently  refitted  for 
mining  operations  at  a cost  of  $50  million.  The  barge  is  being  refitted 
for  ocean  thermal  energy  experiments  by  the  Department  of  Energy.  The 
recovery  claw  has,  reportedly,  been  scrapped.  If  the  Glomar  Explorer 
jiid  its  auxiliary  equipment  were  to  be  reconuni ss ioned  for  another  subma- 
rine recovery  task,  the  cost  would  be  on  the  order  of  $100  million. 

Also,  the  response  time  would  be  quite  slow. 

The  Navy's  Large  Object  Salvage  Program  (.LOSS)  is  directed  toward 
salvage  as  one  of  the  primary  operational  tasks.  The  system  uses  pontoons 
having  a lift  capability  of  100  long  tons  each  at  a depth  of  850  feet. 

The  depth  limitation  is  severe  when  compared  to  Glomar  Explorer's  capa- 
bility to  lift  a 2,800-ton  submarine  from  17,000  ft,  or  to  place  concrete 
at  20,000  ft  for  encasement  purposes.  However,  within  850  ft  the  LOSS 
system  would  probably  be  used  to  recover  a large  object.  The  final  cost 
of  the  recovery  operation  might  not  be  less  than  that  of  an  encasement 
operation,  but  at  times  there  is  value  in  having  the  damaged  object 
available  for  study. 

Thus,  it  appears  from  a cost  and  operational  standpoint  that  concrete 
placement  is  a desirable  capability  for  the  Navy  to  have  at  its  disposal. 


SUMMARY 

The  proposed  method  to  place  concrete  at  deep  ocean  depths  is 
considered  to  be  technically  and  operationally  feasible.  The  general 
approach  is  to  mix  the  concrete  on  a surface  platform  and  convey  the 
concrete  to  the  seafloor  by  a pipeline  suspended  from  the  platform.  The 
task  becomes  more  complicated  in  the  details,  but  an  integration  of 
technologies  from  the  concrete  industry,  the  oilwell  industry,  and  the 
ocean  industry  enables  the  task  to  be  accomplished  using,  for  the  most 
part,  state-of-the-art  knowledge  and  hardware. 

The  preferred  surface  platform  is  a drill  ship,  which  is  already 
outfitted  for  most  of  the  operational  requirements  except  the  concreting 
equipment,  but  other  platforms  maj  be  used.  For  example,  a barge  can  be 
outfitted  with  the  necessary  equi-ment  including  a portable  drill  rig  to 
handle  the  pipestring. 

Two  hardware  items  need  to  be  specially  designed  and  fabricated. 

They  are  the  concreting  head  at  the  input  end  of  the  pipeline  and  the 
concrete  discharge  device  at  the  lower  end  of  the  pipe.  Both  items  are 
straightforward  design  tasks  with  little  development  risks. 

Conveying  concrete  by  pipeline  to  deep  depths  places  the  concrete 
under  conditions  that  are  beyond  previous  experience,  so  its  behavior 
needs  to  be  verified  by  test.  Specifically,  the  concrete  will  be  flowing 


downward  through  a very  long  pipe  at  considerably  higher  velocities  and 
pressures  than  encountered  on  land.  Data  are  needed  on  the  rheology  of 
concrete  under  tuese  conditions  with  primary  interest  on  friction  head 
loss  properties  and  resistance  of  the  mix  to  de-watering.  Tlie  material 
behavior  research  is  considered  to  involve  low  technical  risk,  but  is 
needed  to  verify  engineering  assumptions  based  on  extrapolation  of 
existing  knowledge  to  the  new  conditions. 

The  need  to  develop  the  capability  to  place  concrete  in  deep  water 
lies  in  three  areas  of  potential  applications:  construction  of  massive 
anchors  and  foundations  in  situ  for  fixed  ocean  facilities,  encasement 
of  objects  on  the  seafloor,  and  containment  of  hazardous  substances  for 
environmental  protection.  Of  these  applications,  the  ability  to  encase 
an  object  in  concrete  and  thus  deny  others  the  opportunity  to  inspect  or 
recover  it  appears  to  have  merit.  This  non-salvage  approach  offers 
rapid  response  time  at  relatively  low  cost. 
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Table  1.  Bulk  Materials  Storage  Requirements 


i 


I tern 

Volume  of  Concrete  (cu  yd) 

250 

1,000 

10,000 

Weight  of  Materials 

Aggregates  (lb) 

760,000 

3,040,000 

30,400,000 

Cement  (lb) 

160,000 

640,000 

6,400,000 

Water  (lb) 

80,000 

320,000 

3,200,000 

Total  (lb) 

1,000,000 

4,000,000 

40,000,000 

Material  Storage  Volume 

Aggregates  (cu  ft) 

8,000 

32,000 

320,000 

Cement  (cu  ft) 

2,100 

8,500 

85,000 

Water  (cu  ft) 

JjAO-P 

5,200 

52,000 

Total  (cu  ft) 

11,400 



45,700 

457,000 

[ 


Table  2.  Oil-Well  Tubing 


Nominal  Size  (in.) 

3-1/2 

4 

4-1/2 

Approximate  Internal  Diameter  (in.) 

3.0 

3.5 

4.0 

Submerged  Weight  of  Pipe  Filled 

With  Concrete  (lb/1,000  ft) 

12,400 

15,400 

18,700 

# 


I 
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Table  3.  Major  Factors  for  Deep  Ocean  Concreting 


Concrete 

Concrete  materials'  characteristics 
Concrete  mixture  proportioning 

Fresh  concrete  characteristics  (water  retention  capability; 

density;  consistency  as  measured  by  slump,  flow  table  or  other 
means;  changes  under  high  pressure) 

Behavior  of  concrete  after  discharge  underwater  at  seafloor  (flow; 
angle  of  repose;  degree  of  consolidation;  formation  of  laitance; 
time  to  initial  set;  temperature  rise;  strength  when  hardened) 

Flow  Characteristics 

Discharge  rate  (cu  yd/hour) 

Type  of  flow  (plug,  laminar  or  turbulent) 

Velocity  of  flow 

Resistance  to  flow  ("friction  head  loss") 

Blockage  of  pipe 

Pipe 

Strength  (tensile,  burst,  collapse) 

Weight 

Internal  diameter 

Internal  smoothness,  including  smoothness  at  joints 

Envi ronment 

Hydrostatic  pressure 
Temperature 

System  and  Operational  Considerations 

Ocean  platform;  weight  and  pipe  handling  equipment;  positioning 
systems;  concreting  equipment;  materials  storage;  concreting, 
pipehandling,  and  ship's  crew;  total  weight  of  deployed  pipeline 
filled  with  concrete 

Application  Requirements 

Purpose  of  concreting 

Concrete  considerations  (total  quantity  of  concrete;  dimensions 
and  shape;  forms) 

Site  considerations  (water  depth;  seafloor  characteristics; 
geographical  location;  weather  and  sea  state) 

Costs 

Costs  of  concrete  in  place  (including  costs  of  the  total  operation 
for  the  given  application) 

Comparative  costs  of  in  situ  concreting  compared  to  alternatives 


Table  4. 


Calculated  Flow  Velocities  and  Friction  Values 


Concrete  Discharge 

Rate  (cu  yd/hr) 

— 

Velocity  (ft/'5ec)  of  Flow  for  Pipe 
of  Inside  Diameter  Shown: 

3 in. 

3.5  in. 

4 in. 

60 

9.2 

6.7 

5.2 

50 

7.6 

5.6 

4.3 

40 

6.1 

4.5 

3.4 

30 

4.6 

3.4 

2.6 

NOTE:  The  theoretical  frictional  shear  stress  between  the  flowing 
concrete  and  the  pipewall  that  is  required  to  balance  the 
net  downward  force  due  to  gravity  is  0.037  psi  of  pipe 
interior  surface  area  for  a 3.0-in.  ID  pipe,  0.044  psi  for 
a 3.5-in.  ID  pipe,  and  0.050  psi  for  a 4.0-in.  ID  pipe. 


Table  6. 


Material  Cost  for  a Submerged  Weight  of  25,000,000  Pounds 


Material 

In-Air 

Unit  Weight^ 
(Ib/cu  ft) 

Submerged 
Unit  Weight^ 
(Ib/cu  ft) 

For  25,000,000  Lb 
Submerged  Weight 

Quantity 
(cu  yd) 

Material 

Cost 

($) 

Concrete 

155 

91 

10,000 

300,000 

Sanded  Grout 

(sand/cement 

140 

76 

12,000 

550,000 

ratio  = 1.0) 

Neat  Cement  Grout 

J 

125 

61 



15,000 

940,000 

^These  values  include  5 Ib/cu  ft  for  having  all  voids  filled  with 
water,  which  would  be  the  case  for  the  material  on  the  seafloor. 


Supply  Materials 
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Assuming  2,600  DWT  barge  which  would  carry  1,800  cu  yd  of  aggregate 


Elevators 


Coarse  Annre^Mte  (X) 


HlRh  Slump  Low  Slump 

Consistency  (stlf fer«^) 


Figure  7.  Effect  of  amount  of  coarse  Figure  8.  Effect  of  concrete 

aggregate,  as  percent  of  total  consistency  on  flow  resis- 

aggregate,  on  flow  resistance  (after  tance  (after  Reference  16). 

Reference  16). 


Figure  9.  Arching  of  aggregates 
across  the  diameter  of 
a pipe  due  to  de-watering. 
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M,iclXiug;il),  W.ishington  IK';  C'ode  SF.A  tXK'  Washington.  DC;  .Vf.  Freund.  Washington  DC 
N.AV.SFC  C'lHle  W)44  iLibrarv).  W.ishington  IX';  C'ode  bt)44.  Washington  DC 
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NAVSfXXjKl'AC  I'  PWO.  Adak  AK:  PWO.  Fd/cll  Scotland;  PWO,  Puerto  Rico;  PWO.  Torri  Sta.  Okinawa 
NAVSHIPRi;PFAC  l ibrary  . Ciu;im;  SCF  Subic  Bay 

NAV’SHIPYO;  Code  :02.4.  l.ong  Beach  CA;  Code  202.5  (l.ibraryi  Puget  Sound.  Bremerton  WA;  Code  400,  Puget 
.Sound;  CikIc  440  Portcmouih  NH;  Cinle  440.  Puget  Sound.  Bremerton  WA;  Code  440.4.  Charleston  SC;  I..D. 
Vivian;  l.ibrary,  Portsmouth  NH;  PWO  (Cinle  4(H)).  Philadelphia  PA;  Salvage  Supt.  Phila..  PA.  Tech  Library. 
Vallejo.  CA 

N.AV.STA  CO  Niival  Station.  Mayport  KL;  CO  Roosevelt  Roads  P R.  Puerto  Rico;  PWO  (l.TJCi.P.M.  Motolenich). 
Puerto  Rico;  PWO  Midway  Island;  PWO.  Keflavik  Iceland;  PWO.  Maypi'rt  PL;  SCP.  Guam;  SCP.  Subic  B;iy. 

R.P.;  Utilities  p.ngr  Off.  (LTJG  A S.  Ritchie).  Rota  Spain 
NAVS  I A BISHOPS  POIN  I Harbor  Clear.  Unit  one.  Pc.iil  Harbor.  HI 
NAVSl  BASp;  SCP.  Pearl  Harbor  HI 
NAVSUBSCOL  UP  J .A.  Nelson  Groton.  CT 

NAVSUPPAd  Code  41.1.  Seattle  WA;  L LIG  McGarrah.  Vallejo  CA;  Security  Offr.  .San  prancisco.  CA 
NAVSL:RPWPNCPN  J.  Honaker.  White  Oak  Lab,  Silver  Spring.  MO;  PWO.  White  Oak.  Silver  Spring.  MO 
NAWPCH  lRACPiN  SCP,  Pensacol.i  PL 
NAVI  .SP.AW  ARPNCiSTA  Keyport.  V\  A 
NAVWARCOl.  NPT  Rl  President.  Newport.  Rl 

NAVWPNCPN  Code  24  (Dir  Safe  Sec)  China  Lake.  CA;  Code  2f).lb  1 W.  Bonner).  China  Lake  CA;  PWO  (Cixle  2(i). 
China  Lake  ( A;  ROICC  iCode  702).  China  L.ike  CA 

N.AVWPNSr.A  P.ARl.li  Code  ()d2.  Colts  Neck  NJ;  M.iint.  Control  Oir.,  Yorktown  VA;  PW  Office  (Code  OVCI) 
Yirrkti'vsn.  V.A;  PWO.  .Seal  Be.ich  C.A 
NAVWPNSUPPCP.N  Code  Od  Crane  IN 
NCBU  405  OIC.  San  Oiego.  CA 

NCBC  CPI.  .AOIC  Port  Hueneme  C.A;  Code  10  Oavisville.  RL  Code  155.  Port  Hueneme  C .A;  Code  155.  Port  Hueneme 
( A;  Code  l.lh.  Port  Hueneme.  C.A;  CihIc  251 1 1 Port  Hueneme.  CA;  Code  4(HI.  Gulfport  MS;  PW  pngrg.  Gulfport 
MS;  PWOtCiHle  80)  Port  Hueneme.  C.A 

NO.AA  (Oi  I . Me  (iiiinncss)  Rockville.  Ml);  (M.  Ringenbach).  Rockville.  Ml);  l.ibuirv  Rockville.  Ml) 

NORD.A  Coile  410  Bay  St.  Louis,  MS.  Code  440  (Ocean  Rsch  Off)  B;iy  St,  Louis  MS 

NRL  Code  84(H)  Washington.  DC;  Code  8441  (R.A.  Skop),  Washington  DC;  Rosenthal.  Code  8440.  Wash.  IX' 

N.SC  CO.  Biomedical  Rsch  Lab.  Oakland  CA;  Security  Offr.  Hawaii 
NSD  Sf  I . Subic  Bay.  R.P. 

N IC  Cixle  54  (1  NS  P.  G.  Jackel).  Orlando  PL 

N.AVtX  P:,AN.SV.SCPN  Hawaii  1 ab  iD.  Moore).  Haw;iii;  Hawaii  Lab  (R.  Hubbard  Jr),  Kailua  HI 
NUCLPAR  RPGl'L.AVORA  COMMISSION  1 C.  Johnson.  Washington,  DC 

NUSCCiwIe  l.ll  New  London.  Cl;  Code  ti  A 1 2.1  (R.S.  Munn).  New  London  Cl;  Code  S.V12.  B-8()(J.  Wilcox);  Code 
SB  4.11  (Brown).  Newport  Rl,  Code  l ALH  (G,  De  la  Cru/i.  New  London  CT 
tKT  .AN.AV  M.ingmt  Info  Div..  Arlington  V.A 
OCPANSYSl.ANT  I T A.R.  Giancola.  Norfolk  V.A 

ONR  CDR  Harlett.  Boston  M.A;  (Dr.  P.,A.  Silva)  .Arlington.  VA;  BROPP.  CO  Boston  M.A;  Code  481,  Arlington  VA; 

( iKlc  481.  Bay  St.  Louis,  MS.  Code  7(H)P  Arlington  VA;  Dr.  A.  Laufer.  Pasadena  CA 
PHIBCB  1 P&P.  Coronado.  CA 

PM  IC  CiKle  .1.111  (S.  Opatowskyl  Point  Mugu.  CA;  POD  Mobile  Unit,  Point  Mugu,  CA;  Pat.  Counsel.  Point  Mugu  CA 
PW(  CO  Norfolk.  V.A;  CO,  Great  Lakes  11;  CO.  Oakkind  CA;  Code  120.  Oakland  CA;  Code  1 2(X'  ( Library)  .San 
Diego.  ( A;  ( ode  128.  Guam;  Code  2(H).  Great  Lakes  IL;  Code  2(H).  Guam;  Code  220.1.  Norfolk  VA;  Civde  4)H). 
Pe.irl  Harbor.  HI;  OK  ( BL!-405.  San  Diego  ( A 
SIX  ( C ixle  122B.  Mech;inicsburg.  PA;  PWO  l(  ivde  120)  Mechanicsburg  PA 
SUBRPSUNH OK  Scacliff.  San  Diego;  OK  l urlle.  San  Diego 
UCI  IMOOK  , Port  Hueneme  CA 
PI  IRO  MARINI  PNGINPPRS  PDI 

I S Ml  RC  HAN'T  MARINP  ACADPMV  Kings  Point.  NY  (Reprint  Custodian) 

US  Dt  PI  OP  AGRK  f orest  Products  Lab.  Madison  Wl 

US  1)1  PI  OP  COMMPRCP  NOAA.  Pacific  Marine  Center,  Seattle  WA 

I S DPPI  OP  HP.Al  I H.  PI)..  \ WPLPARP  Pood  & Drug  Admin.  (A.  Story).  Dauphin  Is.  AL 
I S DPPI  OP  INI  PRIOR  Bureau  of  Land  MNGMNT  - Code  7.1.1  (T.P.  .Sullivan)  Wash.  DC 

I S GPOl  (KilCAl.  SI(RVP;Y  (P  Dyhrkopp)  Metairie.  LA;  (R  Krahl)  Marine  Oil  A Gas  Ops.  Reston.  VA;  Off.  Marine 
Geology.  Piteleki.  Reston  VA 

1 S NAIIONAl  MARINP  PISHPRIPS  SP.RVICP  Highlands  NY  (Sandy  Hook  Lab-Library) 

US  N AVAL  PORCPS  Korea  (PNJ-PAO) 
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USAK  SCH(X)l.  OK  AF.ROSPACK  MKDICINF  Hyperbaric  Medicine  Div.  Brrwks  AKB.  TX 

USC'G  (G-KX'V)  Washinglon  Oc;  (G-EC'V/61 ) (Burkhart)  Washington.  IX';  (G-MP-3/USP/82)  W.ishinglon  IX': 

G-EOF.-4/61  (T.  IXiwdl.  Washington  IX' 

USCG  ACADEMY  l.T  N.  Stramandi.  New  London  CT 

USCG  R&D  CENTER  CO  Groton.  CT;  D Motherway.  Groton  CT;  Tech.  Dir.  Groton.  CT 

USNA  Ch.  Mech.  Engr.  IX'pt  Annapolis  MD;  Energy-Environ  Study  Grp.  Annapolis.  MD;  Ocean  Sys.  Eng  IXpt  (Dr. 
Monney ) Annapolis.  MD;  CXeanography  IXpt  (Hoffman)  Annapolis  MD;  PWD  Engr.  Div.  (C.  Bradford)  Annapolis 
MD 

AMERICAN  CONCRETE  INSTITUTE  LXtroit  Ml  (Library) 

AMERICAN  UNIVERSITY  Washington  IX' (M.  Norton) 

.AVALON  MUNICIPAL  HOSPITAL  Avalon.  CA 

BR(X)KHAVEN  NATL  LAB  M.  Sternberg.  Upton  NY 

CALIF.  DI  PT  OF  FISH  & GAME  Long  Beach  CA  (Marine  Tech  Info  Ctr) 

CALIF  DEPr  OF  NAVIGATION  & CX'EAN  DEV.  Sacramento.  CA  (Ci.  Armstrong) 

CALIF.  MARITIME  ACADEMY  Vallejo.  CA  (Library) 

CALIFORNIA  INSTITUTE  OF  TECHNOLOGY  Pasadena  C A (Keck  Ref.  Rm) 

CALIFORNIA  STATE  UNIVERSITY  LONG  BEACH.  CA  (CHELAPATI);  LONG  BEACH.  ( A (YEN);  LOS 
ANGELES.  CA  (KIM) 

CATHOLIC  UNIV.  Mech  Engr  Dept.  Prof.  Niedzwecki.  Wash..  DC 

CLARKSON  COLL  OF  TECH  G.  Batson.  Potsdam  NY 

COLORAIX)  STATE  UNIV..  FOOTHILL  CAMPUS  Fort  Collins  (Nelson) 

CORNELL  UNIVERSITY  Ithaca  NY  (.Serials  IXpt.  Engr  Lib.) 

DAMES  & M(X)RE  LIBRARY  LOS  ANGELES.  CA 

DUKE  UNIV  MEDICAL  CENTER  B Miiga.  Durham  NC:  DURHAM.  NC(VESIC) 

UNIVERSITY  OF  DELAWARE  (Dr.  S.  IX-xter)  Lewes.  DE 

FLORIDA  ATLANTIC  UNIVERSITY  BCX  A RATON.  FT.  (MC  Al  l ISTER);  Boca  Raton  FT.  ((Xean  Engr  IX-pl..  C. 
Lin) 

FLORIDA  ATLANTIC  UNIVERSITY  B.K'a  Raton  FT.  (W  Tessin) 

FLORIDA  ATLANTIC  UNIVERSITY  W Hartt.  Boca  R;tton  FT. 

FLORIDA  TECHNOLOGICAL  UNIVERSITY  (J  -Schwalbe)  Melbrwne.  FT.;  ORLANIX).  FT.  (HARIMAN) 
GEORGIA  INSTH  UTE  OF  TECHNOLCXiY  Atlanta  GA  (School  of  Civil  Engr..  Kahn) 

HOUSTON  UNIVFIRSITY  OF  (Dr.  R.H.  Brown)  Houston.  TX;  (Dr.  T Yamamoto)  Houston.  TX 
GEORGIA  IN.SrrrUTE  OF  TECHNOLOGY  Atlanta  GA  (B.  Mazanti) 

INSTITUTE  OF  MARINE  SCIENCES  Dir.  Port  Aransas  TX;  Morehead  City  NC  ( Director) 

IOWA  STATE  UNIVERSITY  Ames  lA  (CE  IXpt.  Handy) 

JOHNS  HOPKINS  UNIV  Rsch  Lib.  Baltimore  MD 
KEENE  STATE  COLLEGE  Keene  NH  (Cunningham) 

LEHIGH  UNIVERSITY  BETHLEHEM.  PA  (MARINE  GEOTECHNICAL  LAB  . RICHARDS);  Bethlehem  PA 
(Fritz  Engr.  Lab  No.  I.L  Beedle):  Bethlehem  PA  (l.inderman  Lib.  No,.X).  Flecksteiner);  D.  Chen.  Bethlehem  PA 
LIBRARY  OF  CONGRESS  W ASHINGTON.  IX  (SCIENCES  & TECH  DIV) 

MAINE  MARITIME  ACADEMY  (Wyman)  Castine  ME;  CA.STINE.  ME  (LIBRARY) 

MICHIGAN  TECHNOLOGICAL  UNIVERSITY  Houghton.  Ml  (Haas) 

MIT  Cambridge  MA;  Cambridge  MA  (Rm  10- .MH).  Tech.  Reports.  Engr.  Lib.);  Cambridge  MA  (Whitman) 

NATL  ACADEMY  OF  ENG.  ALEXANDRIA.  VA  (SEARLE.  JR.) 

NORTHWE.STERN  UNIV  Z.P.  Bazant  Evanston  IL 
UNIV.  NOTRE  DAME  Katona.  Notre  Dame.  IN 
OKLAHOMA  -STATE  UNIV  iJ.P.  Lloyd) -Stillwater.  OK 

OREGON  STATE  UNIVERSITY  (CE  IXpt  Grace)  Corvallis.  OR;  CORVALLIS.  OR  (CE  DEPT.  BELL);  Corvalis 
OR  (SchiHil  of  (Xeanography) 

PENNSYLVANIA  STATE  UNIVERSITY  STATE  COLLEGE.  PA  (SNYDER);  -State  College  PA  (Applied  Rsch  Lab); 
UNIVERSITY  PARK.  PA  (GOTOLSKI) 

PURDUE  UNIVF'RSITY  Lafayette  IN  (Leonards);  Lafayette.  IN  ( AltschaeffI);  Lafayette.  IN  (CE  Engr.  Lib) 
MU.SEUM  OF  NATL  HISK'RY  -San  tXego.  CA  (Dr.  E.  Schulenberger) 

SAN  DIFTiO  STATE  UNIV.  I.  Ntnirany  San  Diego.  CA;  Dr.  Krishnamoorthy.  .San  Diego  CA 

SCRIPPS  INSTITUTE  OF  (X'FANfXiRAPH Y LA  JOLLA.  CA  (ADAMS);  .San  Diego.  CA  (Marina  Phy.  Lab  Spiess) 
SEAITLE  U Prof  Schwaegler  Seattle  W.\ 

SOUTHWE-ST  RSCH  INST  King.  San  Antonio.  TX;  R.  IXHart.  -San  Antonio  TX 

STANFORD  UNIVERSITY  Engr  Lib.  Stanford  CA;  STANFORD.  CA  (IX)UCiLAS);  Stanford  CA  (Gene) 
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STATK  UNIV,  OF  NKW  YORK  Buffalo.  NY;  Fort  Schuyler.  NY  (l.ongobarji) 

SM  ATF  UNIVFRSITY  OF  NF.W  YORK  (Dr.  H.  Herman)  Stony  Brook.  NY 

I FX.AS  A&M  UNIVFRSI  I'Y  College  Station  TX  (CE  fJept.  Herhich);  College  Station.  TX  Depts  of  tXean.  & Meteor; 
W.B.  l.eilhetler  College  Station.  TX 

1!NIVF;R.SITY  of  CAI.IFORNIA  BFRKEl.F.Y.  CA  (CF.  DEPT.  GERWICK);  BERKEl.EY.  CA  (CE  DEPT. 

MITCHEI.l.l;  Berkeley  CA  (B.  Bresler);  Berkeley  CA  (f),Pirl/);  Berkeley  CA  (IX’pl  of  Naval  Arch.);  Berkeley  CA 
lE.  Pearson);  DAVIS.  CA  (CE  DEPT.  TAYl.OR);  Engr  Lib..  Berkeley  CA;  LIVERMORE.  CA  (LAWRENCE 
LIVERMORE  LAB.  TOKARZ);  l a Jolla  CA  (Acq.  Dept.  Lib.  C-07.SA);  M Duncan.  Berkeley  CA;  P Mehta. 
Berkeley  CA;  SAN  DIEGO.  CA.  LA  JOLLA.  CA  (SER(K  KI) 

LNIVERSIl'Y  OF  CONNECTICUT  Grrrton  CT  (Inst.  Marine  Sci.  l.ibrary) 

UNIVERSITY  OF  DEL.AW  ARE  LEWES.  DE  (DIR.  OF  MARINE  OPERATIONS.  INDERBIT/.EN );  Newark.  DE 
(IXpt  of  Civil  Engineering.  Chesson) 

UNIVERSITY  OF  HAW  AII  HONOLULU.  HI  (.SCIENCE  AND  TECH.  DlV.t;  Honolulu  HI  (Dr.  S/ilard) 
UNIVERSITY  OF  ILLINOIS  Met/  Ref  Rm.  Urbana  IL;  URBANA.  IL  (DAVISSON);  URBANA.  11.  (LIBRARY ); 

URBANA.  IL  (NEWARK);  Urbana  IL  (CE  IXpt.  W Gamble) 

UNIVERSITY  OF  MASSACHUSEHS  (Heronemus).  Amherst  MA  CE  Dep( 

UNIVERSITY  OF  MICHIGAN  Ann  Arbor  Ml  (G.  Berg);  Ann  Arbor  Ml  (Richart) 

UNIVERSITY  OF  NEBRASKA-I.INCOI.N  Lincoln.  NE  (Ross  Ice  Shelf  Proj.) 

UNIVERSITY  OF  NEW  HAMPSHIRE  DURHAM.  NH  (LAVOIE) 

UNIVERSITY  OF  PENNSYLVANIA  PHILADELPHIA.  PA  (SC  HOOI.  OF  ENGR  & APPLIED  SCIENCE.  ROLL) 
UNIVERSITY  OF  RHODE  ISLAND  KINGSTON.  Rl  (PAZIS);  KING.STON.  Kl  (SUSSMAN);  Narragansett  Rl  (Pell 
Marine  Sci.  Lib. ) 

UNIVERSITY  OF  SO.  CALIFORNIA  Univ  So.  C;ili( 

UNIVERSITY  OF  TEXAS  Inst.  Marine  Sci  (Library).  Port  Arkansas  I X 
UNIVERSITY  OF  TEXAS  AT  AUSTIN  Austin  TX  (R  Olson);  Austin.  TX  (Breen) 

UNIVERSITY  OF  TEXAS  MEDICAL  BRANCH  (IX  R.L  Yuan)  Arlington.  IX 

UNIVERSn  Y OF  WASHINGTON  Seattle  WA  (M  Shcrif);  (IX.  N Hawkins)  Seattle.  W A.  (FH  1(1.  D.  < arlson) 
.Seattle.  WA;  IXpt  of  Civil  Engr  (Dr.  MaltrK'kl.  Sc. idle  W A;  SEAITLE.  W A t.APPl  II  I)  PHY  SICS  LAB); 
SEAITLE.  WA  (MERCHANT);  SEAITLE.  WA  ((K  EAN  ENG  RSC  H LAB.  GRAY);  SI  AITI.E.  W A 
(PAf  II  If  MARINE  ENVIRON  LAB  . HALPFKN);  .Seattle  W A tl  Linger);  Seallle.  W A I ransport.ilion. 
Construction  & Geom.  Div 

VIRGINIA  IN.ST.  OF  MARINE  SCI  Gloucester  Point  VA  (Library  ) 

WtX)DS  HOLE  (K  EANOGRAPHU  INST  IXk  Lib  l.OOOh.  W.hkIs  Hole  M A 

ACiBABIAN  ASS(K'  C Bagge.  El  SegundoCA 

ALFRED  A YEE  & ASSOC  Honolulu  HI 

AMERICAN  BUR  OF  SHIPPING  (S  Stiansen)  New  York.  NY 

A.METEK  Offshore  Res  & Engr  Div 

AMSCO  Dr  R McCoy.  Eric.  PA 

APPLIED  I ECU  COUNCIL  R Scholl.  Palo  Alto  ( A 

ARCAIRCO.  I).  Y oung.  Lancaster  OH 

ARVlIXiRANT  OLYMPIA.  W A 

ATLANTIC  RICHFIELD  CO  DALLAS.  I X (SMI  I H) 

■AUSTRALIA  A.  Eddie.  Victoria.  IXpt  PW  i.A  Hicks).  Melbourne 

BECHTEL  CORP  R Leonard.  .San  Francisco  ( A.  SAN  I RAM  ISO).  CA  iPHELPS) 

BEC  HTEL  INC.  San  Francisco  CA  (S  Beckowichi 
BELGIUM  Gent  (N  IX  Meyer);  H AEC  t)N.  N V . Gem 
BETHLEHEM  STEEL  CO  Dismuke.  Bclhelchem.  PA 
BOUW  KAMI’  INC  Berkeley 

BRAND  INDUS  SERV  INC.  J Buehler.  Haciend.i  Heights  ( A 
BRITISH  EMBA.SSY  Sci.  & Tech  IXpt  (J  McAuley).  Washington  IK 
BROWN  & CALDW  ELL  E M Saunders  Walnut  Creek.  ( A 
BROWN  & ROOT  Houston  TX  (D  Ward) 

CANADA  (IX.  D.V.  Reddy).  Newfoundland.  Can-Dive  Services  (English)  Noilh  V.iniotivci.  I ibrary  . C .ilg.iry . 

Albcria;  l.rK'kheed  Pelro.  .Serv.  Ltd.  New  Westminster  B C ’.;  l.iKkheed  Petrol  Siv  I td  New  Wesiminsiei  BC. 
Mem  Univ  Newfoundland  (Chan).  St  Johns.  Nrwa  Scoti.i  Rsch  Eound.  t rup  Dailmouth.  Nrrv.i  Svi'ti.!.  Suiveyrvi . 
Nenningcr  A Chenevert  Ine..  Montre.il.  WarniKk  Hersey  Prof  Srv  I td.  La  Sale.  (.Juebev 
CE  BRAUN  CO  Du  Bouchet.  Murray  Hill.  NJ 
CHAS.  Tl.  MAIN.  INC  (R.C.  Cioye(ie).  Portland.  OR 
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C HEMKOC'ORH  l ake  Zuneh  II.  (l)carK>rn  Chem.  Div.Ub.l 
C HKVRON  Oil.  HKl.D  RKSKARCH  CO.  l.A  HABRA.  CA  (BROOKS) 

COl.UMBIA  GUI. F TRANSMISSION  CO.  HOUSTON.  TX  (FNG.  I.IB.) 

CONCRFTF  TFX  HNOl.OGY  CORP.  TACOMA.  W A (ANDI  RSON) 

CONRAD  ASSIK'  Van  Nuys  CA  (W.  Gales) 

CDNTINKNT  OH.  CO  O.  Maxson.  Ponea  Cily.  OK 
t ROWl.FY  FNVIRON.  SFRV.  CORP  Anchorage.  AK 
DI  NMARK  K Wulff.  Svenborg 
Dll  I INGHAM  PRFCASI  F McHale.  Honolulu  HI 
DIXIl.  DIVING  CFNTFR  IX-catui . GA 
DKAVOt'ORP  Pittsburgh  PA  (Wright) 

NORW  AY  DFl  NORSKF.  VFRITAS  (l.ibrary).  Oslo 

I VAI.I  AVION  ASSOC.  INC  KING  OF  PRUSSIA.  PA  (FFDF.I.K) 

FXXON  PRODUCTION  RFSF  ARCH  CO  Houston.  TX  (Chao) 

FORD.  BACON  & DAVIS.  INC.  Ne«  York  (l.ibrary) 

FRANCFiJ.  Vrinh)  .SI-RF:MY-I.FS-CHHVRF;USF;;  (PO/anne).  Brest;  Dr.  Dutertre.  Boulogne;  1..  Pliskin.  Paris;  P. 

Jensen.  Boulogne;  P.  Xereasins.  Furope  Ftudes;  Roger  l.aCroix.  Paris 
(il OTFCHNIl  Al  FNCilNFF.RS  INC  Winchester.  MA  (Paulding) 

GFRM.ANA  C.  Finsterwalder.  Sapporobogen  fi-8 
GOIT  DINC  Sh.id>  Side  MDiChes.  Insi.  Div..  W.  Paul) 

GRUMMAN  AFROSPACF  CORP  Bethpiige  NY  (Tech  Info.  Cir) 

GIT.F  R AD.  I FCH  San  Diego  CA  (B.  Williams) 

H. AI.I  Y & Al  DRICH.  INC.  Cambridge  M A (.Aldrich.  Jr.) 

I I Al  \ M.  C'.iironi.  Milan;  Sei  gio  Taltoni  Milano;  Torino  (F’.  I.evi) 

M.AK.Al  (K  FAN  FNGRNG  INC.  Kailua.  HI 

J.AP.AN  (Dr.  r.  Asama).  Tokyo;  M.  Kokubu.  Tokyo;  S.  Inomata.  Tokyo;  S.  Shiraishi,  Tokyo 

I. AM0NT  IX)HF:RTY  GFOI.OGICAI.  OBSKRV.  Palisades  NY  (McCoy);  Palis;ides  NY  (Selwyn) 

I.IN  OFFSHORFi  FNCiRCi  P.  Chow.  San  Francisco  CA 

l.tK  KHFFD  MISSII  FS  A:  SPACF  CO.  INC.  I..  Vrimble.  .Sunnyvale  C A:  Mgr  Nav.il  Arch  A Mar  Hng  Sunnyvale. 

C.A;  Sunnyvale  C.A  (Rynewic/);  Sunnyvale.  CA  (K.I..  Kerr) 
l.(K  KHFF  D (K  FAN  I ABORATORY  San  Diego  CA(F.  Simpson) 

MARATHON  Oil.  C'O  Houston  I X (C.  Seay) 

M.ARINF  CONCRFTF  STRUCTURFS  INC  MFFAIRIF.  l.A  ( INGR  AH  AM ) 

MATRFCON  Oakland.  CA  (Haxo) 

MC  Cl  FI  LAND  FNGINFFRS  INC  Houston  TX  (B.  McClelland) 

MFXICO  R Cardenas 

MIDI  AND-ROSS  CORP  VOI  FIX).  OH  iRINKFR) 

MOBIl  PIPF  I INF  CO  DAI  I AS.  IX  MGR  OF  I NGR  (NOACKl 
MOBII.  R A DCORPlJ  Hubbard).  Dallas.  TX 

NFW  ZFAl.AND  Ne«  Zealand  Concrete  Research  Assoc,  il.ibrarianl.  Porirua 
NFWl>ORT  NFWS  SHIPBl.lXi  A DRYIX)C  K CO  Newport  News  VA  (Tech.  I.ib.) 

NOI.I.F.  DFNTON  A ASSOC.  INC  . (IX  M Sh.irples)  Houston.  TX 

NORWAY  A.  Torum.  I rondheim;  Dl  l NORSKF  VFRI  l AS  (Roren)  Oslo;  F Gjorv.  Irondheim;  F.  Manning. 

Stavanger;  1.  Foss.  Oslo;  J.  Creed.  Ski;  Noiwegi.in  Tech  Unis  (Brandl/aeg).  Trondheim;  R.  Sletten.  Oslo;  S.  Field, 
Oslo;  Siv  Ing  Kniit  Hove.  Oslo 
(X  F.AN  FNGINFFRS  SAUSAI.ITO.  C.A  (RYNFCKI) 

(X  FAN  RF.SOURCF  FNCi.  INC  HOUSION.  IX  (ANDFRSON) 

OFFSHORF  POWFR  SYS(S  N Pag.iy  ) J.icksonsille.  FI 
PACIFIC  MARINF  TFCHNOl.OGY  l ong  Beach.  C.A  (W.igner) 

PORTLAND CFMFNT  ASS(K  . (Dr  F Hognesiad)  Skokie.  II  . SKOKIF.  II  (CORFI.VT;  SKOKIF.  II.  (Kl.lFCiFR I; 

Skokie  II.  (Rsch  A Dev  l ab.  lab.) 

PRF.SCON  CORP  TOWSON.  MD  (KFI.I.FR) 

PRFSTRFSSFD  CONCRFTF  INST  C Freyermuth.  Chicago  II 
PUFRTO  RICO  Puerto  Rico  (Rsch  I.ib  ).  Mayaque/  P R 
RJ  BROWN  ASS(K'(McKcchan).  Houston.  TX 
RAND  CORP.  Santa  Monica  CA  (A.  I.aupa) 

RAYMOND  INTFRNATIONAl.  INC.  F Colic  Soil  Tech  IX-pt.  Pcnnsaiiken.  NJ 
RIVFRSIDF  CFMFNT  CO  Riverside  CA  (W  Smith) 
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SANDIA  LABORATORIES  (Dr.  D.R.  Anderson)  Albuquerque.  NM;  Library  Div.,  Livermore  CA 
SCHUPACK  ASS(K'  SO,  NORWALK.  CT  (SCHUPACK) 

SEAF(X)D  LABORATORY  MORF.HEAD  CITY.  NC  (LIBRARY) 

SFATECHCORP  MIAMI.  FI.  IPFRONI) 

SHFI.I.  DFVFLOPMFNT  CO,  Houston  TX  (C.  Sellars  Jr.);  Houston  TX  (E.  Doyle) 

SHELL  OIL  CO.  HOU.STON.  TX  (MARSHALL);  Houston  TX  (R.  de  Castongrene);  1.  Boaz.  Houston  TX 
SOUTH  .AMERICA  B.  Contarini.  Rio  de  Janeiro.  Brazil;  N.  Nouel.  Valencia.  Venezuela 
SPAIN  D,  Alfredo  Paez.  Algorta 

SWEDEN  Cement  & Concrete  Research  Inst..  Stockholm;  GeoTech  Inst;  K.  Christenson.  Stockholm;  Kurt  Eriksson. 

StiK'kholm;  VBB  (Library).  Stockholm 
TECHNICAL  COATINGS  CO  Oakmont  PA  (Library) 

TEXTRON  INC  BUFFALO.  NY  (RESEARCH  CENTER  LIB.) 

THE  NETHERLANDS  Ir  Van  Loenen.  Beverwijk;  J.  Slagter.  Driebergen 
TIDEW.ATER  CONSTR.  CO  Norfolk  VA  (Fowler) 

TRW  .SY.STEM.S  CLEVELAND.  OH  (ENG.  LIB  );  REDONIX)  BEACH.  CA  (DAI) 

UNITED  KINGDOM  (D.  Faulkner)  Glasgow.  Scotland;  (Dr.  F.K.  Garas).  Middlesex;  (Dr.  P.  Montague)  Manchester. 
England;  (H.W'.  Baker)  Glasgow . Scotland;  (M  E W Jones)  Glasgow.  Scotland;  (M  J Collard).  London;  A,  Denton. 
London;  British  Embassy  (Info.  Offr).  Washington  DC;  Cambridge  U (Dr.  C.  Morley)  Cabridge.  GB;  Cement  & 
Concrete  Asstv  Wexham  Springs.  Slough  Bucks;  Cement  & Concrete  Assoc.  (Library).  Wexham  Springs.  Slough; 
Cement  & Concrete  .Assiw.  (Lit.  Ex).  Bucks;  D,  Lee.  London:  D.  New.  G.  Maunsell  & Partners.  London;  J. 
Dernngton.  London;  Library,  Bristol;  P.  Shaw.  London;  R.  Browne.  Southall.  Middlesex;  R.  Rudham  Oxfordshire; 
Shaw  & Hatton  tF.  Hansen).  London;  Sunderland  Polytechnic  (A.L.  Marshall).  Great  Britain;  T.  Ridley.  London; 
I'ayKsr.  Woodrow  Constr  (OUP).  Southall.  Middlesex;  Taylor,  Woodrow  Constr  (Stubbs).  Southall.  Middlesex; 

Univ.  of  Bristol  (R.  Morgan).  Bristol;  W.  Crozier.  Wexham  Springs;  Watford  (Bldg  Rsch  Sta.  F.  Grimer) 
UNITEDTECHNOLfKilES  Windsor  L.Kks  CT  (Hamilton  .Sid  Div..  Library) 

WATT  BRIAN  ASSfK'  INC.  Houston.  TX 

WESTINGHOUSE  ELECI  RIC  CORP.  Annapolis  MD  (Oceanic  Div  Lib.  Bryan):  Library.  Pittsburgh  PA 
WE.STINTRUCORP  Egerton.  Oxnard.  CA 

WLS.S.  JANNEY.  ELSTNER.  & ASSOC  Northbrook.  IL(D.W.  Pfeifer) 

WM  Cl.APP  LABS  - BATTELl.E  DUXBURY.  MA  (LIBRARY);  Duxbury.  MA  (Richards) 

W(K)DWARI>CLYDE  CONSULTANTS  (A.  Harrigan)  San  Francisco;  PLYMOUTH  MEETING  PA  (CROSS.  Ill) 

ADAMS,  CAPr  (RET)  Irvine.  CA 

AL  SM(K)TS  Los  Angeles.  CA 

ANTON  TEDESKO  Bronxville  NY 

BARA.  JOHN  P.  l akewiHHl.  CO 

BRAHF/ LaJolla.  CA 

BROWN.  ROBERT  University.  AL 

BUl.l.tK  K LaCanad.1 

HAM.^NNE  F!ckernofoerde,  West  Germany 

IX)BROW()LSKL  J A Alladena.  CA 

F HEUZE  Boulder  CO 

GERWICK.  BEN  C JR  .San  Francisco.  C A 

JFI  FREY  LAYTON  Bellevue  W A 

LA\TON  Redmond.  WA 

NORWAY  B Nordby.  Oslo 

R F BESIER  Old  SaybriHik  CT 

R O PALMER  K.mua.  HI 

WATT  BRIAN  ASStK  INI  Houston,  fX 

WESTCOri  WM  Miami.  FI 

WM  LAI  BOTOiangeCA 

CF.C  P.irisi.  Anthony  M . LT 
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